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Tree canopies form the most important interface between the earth and the atmosphere, but 
their role as a potential habitat for eukaryotic microorganisms has been severely understudied. 
This thesis addresses the hitherto insufficient characterisation of protist diversity and 
community composition in forest soils and the canopy region, while in particular focusing on 
the prominent and mostly plant pathogenic Oomycota. Accordingly, several microhabitat 
compartments were sampled on the ground and in the canopy with the Leipzig Canopy Crane 
in two seasons over two years, and additionally in a palaeotropical rainforest in Papua New 
Guinea. Taxon-specific primers were applied to characterise the oomycete diversity in a high-
throughput metabarcoding approach. In four chapters, I assess the initial description of 
oomycete communities in the canopy, their distribution in the forest ecosystem via air dispersal, 
their seasonality and functional diversity including the quantification of plant pathogens, and 
their diversity in tropical canopies. These results contribute to a more comprehensive 
understanding of oomycetes and their pathogenic lineages, their diversity, ecology, distribution, 
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Tree canopies – a biodiversity hotspot 
Approximately 80% of terrestrial biodiversity can be found in forest ecosystems, which 
influence the climate and provide countless ecosystem services to society by pollution 
mitigation, carbon sequestration and biogeochemical cycles (BASSET ET AL., 2003; BONAN, 
2008; AERTS & HONNAY, 2011). On a global scale, more than 3 trillion trees exist on Earth, of 
which 43% can be found in tropical and subtropical regions, and 22% in temperate biomes 
(CROWTHER ET AL., 2015). Forest canopies form the most important interface between earth 
and atmosphere, regulating gas exchange and evaporation on regional scales (KARL ET AL., 
2004), and containing a huge invertebrate biodiversity, particularly in the tropics (OZANNE ET 
AL., 2003; ELLWOOD & FOSTER, 2004). Within their estimated foliar surface exceeding 108 km2 
globally (MORRIS & KINKEL, 2002; PEÑUELAS & TERRADAS, 2014), canopies offer a variety of 
heterogeneous ecological compartments (microhabitats), which are conducive to the evolution 
of epiphytic plants, animals, and microorganisms (NADKARNI, 2001). Not surprisingly, canopy 
research gained significant interest over the past decades (LOWMAN, 2009). 
One of the major limitations in canopy research is its accessibility (BARKER & PINARD, 2001). 
Portable and inexpensive methods of canopy research include the usage of ropes, slingshots or 
simple hardware, which are however restricted to sturdy branches close to the tree trunk 
(LOWMAN ET AL., 2012). Destructive methods include the cutting of branches or even the 
logging of whole trees. Non-destructive, yet often expensive methods for the sampling of the 
whole canopy of several trees include platforms, towers, walkways, or the usage of canopy 
cranes. The latter provide a flexible, agile, and safe access even to the uppermost canopy. Used 
by PARKER ET AL. (1992) for the first time in a tropical rainforest in Panama, the canopy crane 
network rapidly increased to a total of 12 cranes (BASSET ET AL., 2003), the last one only 
recently erected in Papua New Guinea. Canopy cranes are a useful tool for the exploration of 
several biological questions, including – but not limited to – biodiversity research, 
microclimatic studies, or ecophysiology. The canopy crane in Leipzig (Leipzig Canopy Crane 
research platform – LCC, Figure 1) was installed in 2001, situated in the natural reserve 
“Burgaue”, a temperate deciduous floodplain forest (MORAWETZ & HORCHLER, 2002). In an 
interdisciplinary approach, the LCC project aims to address key objectives with a particular 
emphasis on biodiversity research including species diversity, spatiotemporal structuring, and 




Tree canopies underlie recurrent micro-
climatic changes like diurnal fluctuations 
causing biotic and abiotic stressors, which 
their inhabiting communities need to cope 
with (VORHOLT, 2012; MANCHING ET AL., 
2014; STONE ET AL., 2018). Considering that 
perennial deciduous plants form and shed 
their leaves every year, the phyllosphere 
represents a highly ephemeral environment 
(VORHOLT, 2012; MWAJITA ET AL., 2013). 
Communities inhabiting tree canopies are 
considered to contribute significantly to the 
maintenance of the diversity, resiliency, and 
functioning of forest ecosystems (THOMPSON 
ET AL., 2009). Additionally, the presence of 
distinct microhabitats within tree canopies 
was shown to favour biodiversity of a variety 
of organisms, including epiphytes (LYONS ET 
AL., 2000; NADKARNI, 2001), birds (GOETZ ET AL., 2007), small mammals (CAREY & WILSON, 
2001), and arthropods (HIJII ET AL., 2001; ISHII ET AL., 2004).  
Similarly, on a microbial scale, tree-colonizing microorganisms (e.g., Bacteria, Archaea, and 
microfungi) formed highly specific communities across broader microhabitat classes like soil, 
stems, and leaves (CREGGER ET AL., 2018). It was shown that different plant species harbour 
species specific leaf-associated bacterial communities (LAMBAIS ET AL., 2006; VORHOLT, 2012) 
and even the cryptogamic epiphytes (bryophytes, macrolichens) on trees were shown to harbour 
highly adapted bacterial communities (ASCHENBRENNER ET AL., 2017). Plants and their 
associated microorganisms – forming the so-called “holobiome” – gained particular interest 
over the last years, as the plant microbiome is significantly contributing to key functions across 
the entire plant (VANDENKOORNHUYSE ET AL., 2015; CREGGER ET AL., 2018). However, the 
communities of unicellular eukaryotes (protists) and their functional diversity in tree canopies 
was hitherto severely understudied.  
Figure 1: The Leipzig Canopy Crane. Situated 
on 100m long tracks, the crane covers a 1.6ha 
forest plot for the canopy access up to 33m. 




Protists – biodiversity on the microscopic scale 
Protists are globally distributed, representing the vast majority of eukaryotic diversity (ADL ET 
AL., 2012; BATES ET AL., 2013). Their numbers in forest soils generally range between 104–107 
active protists per gram of dry soil and litter (ADL & GUPTA, 2006), while studies culturing 
mineral soil layers in temperate forest ecosystems even suggest a biomass that could be as large 
as that of the whole soil fauna without the earthworms (SCHAEFER & SCHAUERMANN, 1990). 
Protists play an important role in the food webs of aquatic and terrestrial environments and are 
a huge reservoir of unexplored diversity and functions (WARDLE ET AL., 2004; VAN DER 
HEIJDEN ET AL., 2008). Many heterotrophic protist species prey on bacteria, which can 
significantly alter the nutrient availability in soils by remobilisation of nutrients from consumed 
bacterial biomass (BONKOWSKI & CLARHOLM, 2012). Moreover, bacterial diversity and 
community composition has also been shown to be considerably influenced by protist predation 
(SALEEM ET AL., 2012; HÜNNINGHAUS ET AL., 2017). The predation is however not restricted to 
bacteria; several protist taxa feed on fungi, algae or even multicellular eukaryotes, highlighting 
protists as integral parts in terrestrial food webs (GEISEN ET AL., 2018).  
Apart from phagotrophy, protists also occupy key positions as parasites and severe pathogens. 
Approximately 15% of all protists engage symbiotic or parasitic lifestyles, with nearly 100 
species assumed to be parasites of humans (WALOCHNIK & ASPÖCK, 2012). The most prominent 
protists with relevance for human health belong to the Apicomplexa and include two of the 
most notorious parasites, namely the causative agents of malaria (Plasmodium falciparum) and 
toxoplasmosis (Toxoplasma gondii). Recent molecular studies highlighted a vast diversity of 
parasitic protists as common and abundant members of soil communities (BATES ET AL., 2013; 
DUPONT ET AL., 2016; MAHÉ ET AL., 2017). It is also hypothesised that these parasites 
significantly contribute to a high species diversity due to effective population control through 
the Janzen-Connell effect, especially in the tropics (MAHÉ ET AL., 2017).  
Traditionally, protists have been classified based on morphological investigations. As the 
separate kingdom “Protista”, they were placed next to animals and plants (HAECKEL, 1866). 
Over the past decades, it became however evident that this system does not reflect the 
evolutionary relationships between the protistan groups. Especially advances in molecular 
phylogenetics profoundly changed the protist taxonomy by using molecular markers – for 
example the small subunit of the ribosomal DNA (SSU rDNA) or the Internal Transcribed 
Spacer (ITS) – for phylogenetic reconstructions. The former kingdom “Protista” turned out to 




2005) (Figure 2). The protist classification – although still regularly revised – suggests several 
widely accepted supergroups, including the Opisthokonta with the Choanoflagellates as the 
closest extant sister group to the metazoans (LANG ET AL., 2002), as well as the species-rich 
“SAR” superkingdom, which comprises the largest diversity of unicellular eukaryotes within 
the Stramenopiles, Alveolata and Rhizaria (BURKI ET AL., 2007).  
 
Figure 2: Schematic representation of the eukaryotic tree of life. Multicellular, non-protist taxa are 
highlighted in boxes. Extracted from GEISEN ET AL. (2018). 
Protists and their resting stages – mostly cysts – can be passively disseminated over long 
distances. Cysts are formed under unfavorable conditions, e.g. due to dryness, lack of food, or 
microbial antibiotics (PETZ & FOISSNER, 1988; ADL & GUPTA, 2006; JOUSSET ET AL., 2006), and 
it has been assumed that they play an important role for the resilience of protists and their 
functions in terrestrial environments (GEISEN ET AL., 2017). Even after decades, viable protist 
cysts can be retrieved from soils (MOON-VAN DER STAAY ET AL., 2006; KAGEYAMA & ASANO, 
2009), leading to the long-standing question of how cosmopolitan protists are (FINLAY, 2002; 




distribution of protist propagules is influenced by several randomizing factors, such as soil 
particles dispersed in the air, convective transport, or fog. ROGERSON AND DETWILER (1999) 
determined that on average 0.25 cysts m-3 are contained in the air depending on wind speed and 
time since last precipitation. High humidity increases the chance of survival of transported 
microbes and promotes their deposition (FUZZI ET AL., 1997; EVANS ET AL., 2019) and airborne 
microorganisms can be transported in fog droplets by atmospheric turbulence over long 
distances (FUZZI ET AL., 1997; AMATO ET AL., 2005), contributing to the high level of 
biodiversity in protist communities.  
Seasonal variation has also been shown to influence protist communities, at least to some extent 
(NOLTE ET AL., 2010; FIORE-DONNO ET AL., 2019; FOURNIER ET AL., 2020). In aquatic 
environments, a molecular study identified a highly dynamic turnover of the seasonal 
abundance of protists, implying periodic succession patterns and temporally structured 
communities (NOLTE ET AL., 2010). Other studies mostly analysed dominant protist taxa 
(RYNEARSON ET AL., 2006; AGUILERA ET AL., 2007) or higher taxonomical levels (TAMIGNEAUX 
ET AL., 1997; ARAÚJO & GODINHO, 2008). However, the effect of a seasonal niche separation as 
a possible environmental filter for terrestrial protist diversity and community shifts remains 
largely unexplored.  
Only a fraction of the protist diversity is retrieved by direct counts and in culture-based studies. 
The molecular diversity has been shown to greatly exceed the diversity described at the 
‘morphospecies’ level, even in ciliates, a taxon with well-described morphologies 
(GRATTEPANCHE ET AL., 2014). Thus, recent advances in molecular methods greatly contributed 
to a more detailed description of protist communities. In particular, amplicon sequencing and 
metabarcoding resulted in a substantial advancement in the knowledge of microbial diversity, 
ecology, and evolution. Cultivation-independent high-throughput sequencing (HTS) revealed 
an astounding protist diversity and has become the “gold standard method” to conduct 
worldwide inventories (STOECK ET AL., 2014; DE VARGAS ET AL., 2015; GEISEN ET AL., 2016; 
MAHÉ ET AL., 2017). To investigate protist diversity, usually so-called “universal eukaryotic 
primers” have been used to target a wide range of eukaryotic microorganisms (BATES ET AL., 
2013; MASSANA ET AL., 2015), independent from classical techniques requiring cultivation and 
microscopic identification. 
However, experience has revealed a variety of drawbacks in this approach. Apart from missing 
a great part of protist diversity due to primer-mismatch (GEISEN ET AL., 2015A; FIORE-DONNO 




in the unwanted amplification of multicellular organisms, especially fungi, masking lesser 
abundant sequences of protists (BALDWIN ET AL., 2013; DUPONT ET AL., 2016). One promising 
way to improve the resolution of HTS for the analysis of terrestrial protist communities is to 
use highly specific primers targeting a single taxonomic group (GAST ET AL., 2004; FIORE-
DONNO ET AL., 2018). The improved taxonomic coverage by application of primers specific for 
individual protist phyla would also result in an in-depth understanding of the ecological forces 
shaping communities in natural systems. This is of particular interest for pathogenic lineages 
and protist groups tightly associated with plant health and ecosystem functioning, for example, 
the Oomycota. 
Oomycetes – protists with ecological and economic impacts 
Oomycetes (Oomycota, Stramenopiles, SAR) occupy ecologically important positions as 
saprotrophs and parasites, encompassing some of the most devastating plant pathogens with 
worldwide economic and ecologic relevance. The infamous oomycete Phytophthora infestans 
(Figure 3) causes one of the most destructive plant diseases, the potato late blight, and initiated 
the great Irish famine in the late 1840’s with a million deaths and massive emigration due to 
almost total crop loss (MIZUBUTI & FRY, 2006). The ecological and economic impact of 
oomycetes has led to an increased research interest on their community structure (RIIT ET AL., 
2016; SINGER ET AL., 2016; FIORE-DONNO & BONKOWSKI, 2021; MARČIULYNIENĖ ET AL., 2021), 
and, correspondingly, their pathogenicity and infection strategies (RIZZO & GARBELOTTO, 
2003; RIZZO ET AL., 2005; THINES & KAMOUN, 2010).  
 
Figure 3: Light microscopy of Phytophthora infestans stained with Lacto phenol blue. Extracted from 




Currently, three lifestyles are described for oomycetes: saprotrophy, hemibiotrophy, and 
obligate biotrophy. Saprotrophic species are free-living and feed on dead and decaying matter 
(LEWIS, 1973), occupying key roles in the trophic upgrading of terrestrial, marine and 
freshwater habitats (MARANO ET AL., 2016). Saprotrophy is believed to be the ancestral state of 
oomycete nutrition, as the interaction with a live host requires the evolution of more complex 
mechanisms to overcome the host immune system and other defence mechanisms (F. MARTIN 
ET AL., 2016; SPANU & PANSTRUGA, 2017). Parasitism evolved at least three times 
independently in different oomycete lineages, affecting a variety of eukaryotic organisms 
including other protists, fungi, and animals (THINES & KAMOUN, 2010). However, the majority 
of currently described oomycetes are plant pathogens. The pathogenic lifestyles include 
hemibiotrophy, characterised by an initial biotrophic phase later turning into a necrotrophic 
phase after the death of the host (FAWKE ET AL., 2015; PANDARANAYAKA ET AL., 2019), as well 
as obligate biotrophy, which comprises species exclusively feeding on living host tissue (SPANU 
& KÄMPER, 2010). Even though obligate biotrophic species usually do not actively kill their 
host, they still damage the host by inducing chlorosis, inflorescence or the killing of seedlings, 
and thus cause severe economic losses (PARKUNAN ET AL., 2013; KRSTESKA ET AL., 2014; 
KAMOUN ET AL., 2015).  
Based on morphological analyses, oomycetes have for a long time been (mis-)classified as 
fungi. It is however now accepted that they belong to the Stramenopiles, which also includes 
brown algae and diatoms (BEAKES ET AL., 2012). Recent advances in molecular methods also 
greatly contributed to a more resolved phylogeny of oomycetes (ROBIDEAU ET AL., 2011; 
JUDELSON, 2012). They comprise several distinct orders, mainly distributed on the informal 
saprolegnialean lineage and the peronosporalean lineage (LARA & BELBAHRI, 2011). 
Saprolegnialeans include both marine and freshwater pathogens, where in particular 
Saprolegnia parasitica has become a growing problem in commercial fish aquaculture (VAN 
WEST, 2006). The prominent orders within the peronosporalean lineage are the Albuginales, 
Pythiales, and Peronosporales. Albuginales comprise the causative agents of the white blister 
rust, a disease causing significant crop losses for example in mustard and turnips (RIMMER ET 
AL., 2000; AWASTHI ET AL., 2012). Species of the Pythiales can occupy all lifestyles, from 
saprotrophy over hemibiotrophy to obligate biotrophy (FAWKE ET AL., 2015; MARANO ET AL., 
2016; FIORE-DONNO & BONKOWSKI, 2021). Most Pythiales are necrotrophs or opportunistic 
parasites of plants, however, pathogens of animals and even humans are also known (e.g. 




hemibiotrophic species, including pathogens inducing downy mildew, a disease predominantly 
prevalent in Brassicaceae, grape, and other vegetables (KAMOUN ET AL., 2015).  
Many oomycete plant pathogens are highly host specific. Some are, to a certain degree, 
restricted to particular or closely related host species, for example soybeans (Phytophthora 
sojae), hop (Pseudoperonospora humuli), sunflowers (Plasmopara halstedii), or spinach 
(Peronospora effusa) (TYLER, 2007; GASCUEL ET AL., 2015; GENT ET AL., 2017; KANDEL ET AL., 
2019). Historically, these host range limitations have often guided the naming conventions of 
these oomycete plant parasites. Other species, like Bremia lactucae, are restricted to hosts 
within the same plant genus or family (LEBEDA ET AL., 2008). There are however also 
oomycetes – for example Albugo candida or Hyaloperonospora parasitica – with a broader 
host spectrum, not limited to specific genera, but rather extending their host spectrum over 
several plant families (CHOI ET AL., 2009; LEE ET AL., 2017). This broad host spectrum is quite 
peculiar, as parasitising on specific hosts is often depended on the evolution of certain effector 
genes to overcome the host immune system (THINES & KAMOUN, 2010).  
Aims and chapters of this thesis 
It remained nevertheless unknown (i) how protist and especially oomycete communities are 
structured in tree canopies and their microhabitats, (ii) if they reflect similar patterns in tropical 
and temperate biomes, (iii) how they are dispersed within forest ecosystems, (iv) how the 
functional groups are distributed across canopy and ground habitats, and (v) if the communities 
and functional groups exhibit seasonal variation. 
Accordingly, this thesis aimed to address this lack of knowledge by characterising the diversity 
and community composition of protists in forest soils and tree canopies in a metabarcoding 
approach using taxon-specific primers. The research conducted in this thesis is part of the 
German Research Foundation (DFG) Priority Programme SPP 1991 “Taxon-Omics: New 
Approaches for Discovering and Naming Biodiversity”. The project is a joint collaboration 
between the Universities of Leipzig and Cologne, concentrating on the two prominent protist 
taxa Oomycota and Cercozoa, respectively. This thesis is intended to focus on the Oomycota, 
aiming to address following hypotheses: 
H1. Microhabitats in the tree canopies harbour microhabitat-specific oomycete 





H2. Forest floor leaf litter communities reflect the composition of canopy phyllosphere 
communities as a subset of their species diversity.  
H3. Dispersal of oomycetes is spatially and temporally structured – oomycete community 
composition in air samples differs in the vertical plane and between the sampling time 
points. 
H4. Canopy inhabiting oomycete communities vary not only in their spatial distribution, but 
also in their seasonal composition. This is also reflected on the functional diversity of 
oomycetes.  
H5. Tropical tree canopies harbour a substantial amount of undescribed diversity, and  
H6. the diversity of oomycete communities of trees in the tropical zone will be higher in the 
tree crowns than on soil, due to the increased numbers of aboveground microhabitats, 
while the rapid mineralization of litter layers on the soil surface will reduce habitat 
complexity compared to relatively thick organic layers in temperate forests. 
In this thesis, these hypotheses are addressed in four chapters: 
CHAPTER I intends to take up on H1 and H2 by characterising the oomycete diversity and 
community composition in forest soils and the canopy region for the first time. Seven distinct 
microhabitats were sampled in the canopy at 20-30m height, and additionally two on the forest 
floor. The taxon-specific primers thoroughly recovered the whole oomycete diversity, which 
interestingly did not increase with increasing habitat diversity. Nearly all oomycetes were 
present in all habitats, which also applies to the forest floor leaf litter compared to the fresh 
leaves in the phyllosphere. Thus, both hypotheses could be rejected. The diversity between the 
habitats did in fact differ only when taking oomycete abundances into account, with 
communities inhabiting the canopy being clearly distinct to those on the forest floor. This 
indicates that oomycete diversity in forest ecosystems is driven by habitat filtering, however, 
the ubiquitous presence in all habitats revealed that the species richness is hardly affected.  
CHAPTER II addresses H3. Here, a bioaerosol sampler was used to sample the air surrounding 
the canopy and ground habitats, to gain a deeper insight into the dispersal of oomycetes in forest 
ecosystems. The results from CHAPTER I lead to the assumption that the communities in the 
air samples are spatially structured and differing on the vertical plane. However, the spatial 
distribution had a surprisingly low influence on the oomycete diversity, indicating that the 
distribution of protist propagules through the air was not spatially restricted in the forest 
ecosystem. On the other hand, significant temporal effects suggested some protistan 




temporal niche effects. Accordingly, air dispersal may explain the ubiquitous presence of 
oomycetes in the forest system.  
CHAPTER III aimed to test H4 by replicating the sampling in two seasons over a period of two 
years, while further supplementing functional traits to the protist communities. In the first part 
of this chapter, the collaborators from the University of Cologne could show annually 
reoccurring succession patterns in the phyllosphere for the Cercozoa. This implied not only 
spatially, but also seasonally structured cercozoan communities in tree canopies, although this 
was not reflected on a functional scale. In the second part of this chapter, the seasonality and 
functional diversity was analysed for the Oomycota. The oomycetes showed not only a spatial, 
but also, to a lesser extent, a temporal variation in their communities. The most striking pattern 
however, in contrast to the Cercozoa, was the distribution of functional groups across the 
canopy and ground habitats. The deterministic processes of habitat filtering also shaped the 
functional diversity of oomycetes, and the results indicated that tree canopies not only offer 
numerous distinct habitats to microorganisms, but also serve as a hitherto neglected reservoir 
for parasitic oomycetes. 
CHAPTER IV analyses the diversity of oomycetes in palaeotropical tree canopies in a rainforest 
in Papua New Guinea to address H5 and H6. These tree canopies harboured a substantial 
amount of undescribed diversity, as only 50% of the oomycetes could be assigned to any known 
reference oomycete order. In contrast to temperate biomes, the oomycete species richness did 
in fact increase with increasing habitat diversity. However, the relatively high diversity in the 
tropical soil and leaf litter samples rejected the hypothesis that the rapid mineralization of litter 
layer on the soil surface would lead to a reduced complexity compared to the relatively thick 
organic layers in temperate forests.  
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Tree canopies provide habitats for diverse and until now, still poorly characterized communities 
of microbial eukaryotes. One of the most general patterns in community ecology is the increase 
in species richness with increasing habitat diversity. Thus, environmental heterogeneity of tree 
canopies should be an important factor governing community structure and diversity in this 
subsystem of forest ecosystems. Nevertheless, it is unknown if similar patterns are reflected at 
the microbial scale within unicellular eukaryotes (protists). In this study, high-throughput 
sequencing of two prominent protistan taxa, Cercozoa (Rhizaria) and Oomycota 
(Stramenopiles), was performed. Group specific primers were used to comprehensively analyze 
their diversity in various microhabitats of a floodplain forest from the forest floor to the canopy 
region. Beta diversity indicated highly dissimilar protistan communities in the investigated 
microhabitats. However, the majority of operational taxonomic units (OTUs) was present in all 
samples, and therefore differences in beta diversity were mainly related to species performance 
(i.e., relative abundance). Accordingly, habitat diversity strongly favored distinct protistan taxa 
in terms of abundance, but due to their almost ubiquitous distribution the effect of species 
richness on community composition was negligible. 
Introduction 
Forest ecosystems harbor 80% of terrestrial biodiversity, influence climate through 
biogeochemical cycles, and provide ecosystem services to society (BONAN, 2008; AERTS & 
HONNAY, 2011). On a global scale, there are more than 3 trillion trees on Earth, of which 43% 
can be found in tropical and subtropical regions and 22% in temperate biomes (CROWTHER ET 
AL., 2015). Their tree canopies form the functional interface between 90% of Earth’s terrestrial 
biomass and the atmosphere (OZANNE ET AL., 2003; ELLWOOD & FOSTER, 2004) and contain a 
variety of heterogeneous microhabitats conducive to the evolution of epiphytic plants, animals, 
and microorganisms (NADKARNI, 2001). Furthermore, communities inhabiting tree canopies 
are considered to contribute significantly to the maintenance of the diversity, resiliency, and 
functioning of forest ecosystems (THOMPSON ET AL., 2009). 
Although the coexistence of habitat specialist and generalist species is widely observed, habitat 
heterogeneity tends to favor generalist species, while specialists benefit from homogeneous 
habitat conditions (MARVIER ET AL., 2004; DEVICTOR ET AL., 2008; VERBERK ET AL., 2010). Yet, 
one of the general patterns in community ecology is the increase in species richness with 
increasing habitat heterogeneity (MACARTHUR & MACARTHUR, 1961; WILLIAMS, 1964; 
HORTAL ET AL., 2009; STEIN ET AL., 2014; OLOO ET AL., 2016). Accordingly, the presence of 
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microhabitats differing by environmental factors (e.g., UV radiation, temperature, and 
moisture) within tree canopies was shown to favor biodiversity of a variety of organisms, 
including epiphytes (LYONS ET AL., 2000; NADKARNI, 2001), birds (GOETZ ET AL., 2007), small 
mammals (CAREY & WILSON, 2001), and arthropods (HIJII ET AL., 2001; ISHII ET AL., 2004). 
Similarly, on a smaller, microbial scale, tree-colonizing microorganisms (e.g., Bacteria, 
Archaea, and microfungi) formed highly specific communities across broader microhabitat 
classes (soil, stems, and leaves;(CREGGER ET AL., 2018)). In addition, it was shown that different 
plant species harbor species specific leaf-associated bacterial communities (LAMBAIS ET AL., 
2006; VORHOLT, 2012) and even the cryptogamic epiphytes (bryophytes, macrolichens) on trees 
were shown to harbor highly adapted bacterial communities (ASCHENBRENNER ET AL., 2017). 
Accordingly, we hypothesized that the diversity of unicellular eukaryotes (protists) would also 
differ between different microhabitats within tree crowns. So far, molecular studies reported 
distinct protistan communities in mosses (E. A. D. MITCHELL ET AL., 2004; MIECZAN & 
TARKOWSKA-KUKURYK, 2014), lichens (BATES ET AL., 2012; MAZEI ET AL., 2016), 
phytothelmata (CARRIAS ET AL., 2001; DUNTHORN ET AL., 2012) as well as root associated 
communities (TURNER ET AL., 2013; DUMACK ET AL., 2020A). Fungal phyllosphere 
communities determined the community composition of subsequent litter fungal communities 
(GUERREIRO ET AL., 2018). Correspondingly, a recent study on protistan diversity of tropical 
forest soils hypothesized that some protists may have originated from tree canopy communities 
from where they were washed down by rain (MAHÉ ET AL., 2017). Nevertheless, a 
comprehensive comparative assessment of protistan communities of tree canopies across 
different tree microhabitats and a comparison to forest soil communities is still lacking. 
Accordingly, the aim of this study was to shed light on unicellular eukaryotic diversity and 
community composition in forest soils and the canopy region. Using a metabarcoding approach, 
we assessed the diversity of two prominent and potentially plant associated taxa of protists 
(PLOCH ET AL., 2016; FLUES ET AL., 2017; SAPP ET AL., 2018), namely the Cercozoa (Rhizaria) 
and the Oomycota (Stramenopila). We sampled specific microhabitat compartments across two 
vertical levels – forest soils and the canopy region – of three autochthonous tree species in a 
temperate floodplain forest. To ensure exhaustive coverage of the investigated taxa, taxon-
specific primers were used to amplify protistan DNA. Considering variation in taxonomic 
resolution of DNA barcodes, two different markers were targeted in this study: the 
hypervariable V4 region of the 18S rRNA gene and the Internal Transcribed Spacer 1 (ITS1) 
for barcoding cercozoan and oomycete communities, respectively. Following the terminology 
of STEIN AND KREFT (2015), we define environmental heterogeneity as an “umbrella term for 
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all kinds of spatial heterogeneity, complexity, diversity, structure, or variability in the 
environment,” while, we are focusing here in particular on the sub-categorical term habitat 
diversity as a measurement of habitat richness, i.e., the number of distinct (micro-)habitats and 
habitat types. 
Unveiling the distribution patterns of Cercozoa and Oomycota will contribute to the 
understanding of environmental factors shaping protistan communities in forest ecosystems and 
of tree canopies for microbial biodiversity. We hypothesized (1) to find different microhabitat-
specific protistan communities in tree canopies, (2) an increase of species richness with habitat 
diversity, and (3) forest floor litter communities to reflect the composition of canopy 
phyllosphere communities. 
Material & Methods 
Sampling and DNA Extraction  
Microhabitat samples were collected in October 2017 in cooperation with the Canopy Crane 
Facility in the floodplain forest in Leipzig, Germany (51.3657 N, 12.3094 E). We sampled three 
different specimens of three autochthonous tree species: The small-leaved lime (Tilia cordata), 
the European ash (Fraxinus excelsior), and the pedunculate oak (Quercus robur). The samples 
can be classified into two strata: (i) canopy samples and (ii) ground samples. Canopy samples 
were taken at 20–30 m height with replicates at all four cardinal directions of each tree. We 
choose a priori a number of microhabitats that could be immediately distinguished and easily 
sampled in the tree crown. The following seven microbial microhabitat compartments related 
to tree surface were sampled: Fresh leaves, deadwood from dead and dried out branches, bark, 
arboreal soil and three cryptogam epiphytes (lichen and two moss genera, Hypnum and 
Orthotrichum). In addition, two ground samples (soil and leaf litter with four replicates per tree) 
at 2 m distance from each trunk were sampled. The soils were collected at the surface layer 
(~10 cm depth after removal of leaf litter and stones) throughout each station. All 324 samples 
were stored at −22°C until further processing. For DNA extraction, all canopy and litter samples 
were decorticated and/or chopped with a sterile razor blade and cut into small, regular pieces. 
DNA extraction was done according to the manufacturer’s instruction with the DNeasy 
PowerSoil kit (QIAGEN, Hilden, Germany). DNA concentration and quality were checked 
using a NanoDrop Spectrophotometer (NanoDrop Technologies, Wilmington, United States). 
For following PCR amplification, all four replicates of each microhabitat per tree were pooled. 
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PCR Amplification, Barcoding, and Sequencing  
PCRs with taxon specific primers were conducted in two steps. The hypervariable V4 region 
of the 18S ribosomal RNA gene (SSU rDNA) was used for cercozoan community profiling 
with specific primers (FIORE-DONNO ET AL., 2020). For the first PCR, the forward primers 
S616F_Cerco and S616F_Phyt were mixed in the proportions of 50 and 50%, and used with 
the reverse primer S963R_Phyt. For a following semi-nested PCR, a mixture of the reverse 
primers S947_Phyt and S947_Vamp in an equal proportion has been used as described in 
FIORE-DONNO ET AL. (2020). The thermal program for the first and second PCR consisted of an 
initial denaturation step at 95°C for 2 min, 24 cycles at 95°C for 30 s, 52°C for 30 s, 72°C for 
30 s; and a final elongation step at 72°C for 5 min. For amplifying the ITS 1 of the oomycete 
communities, we used the specific primer pair ITS_177F and 58SR_Oom (FIORE-DONNO & 
BONKOWSKI, 2020). Amplicons of the first PCR were again used as template for a semi-nested 
PCR with the primer pair I1786F_Stra and 58SR_Oom. The thermal program for the first and 
second PCR started with a denaturation step at 95°C for 2 min, followed by 24 cycles at 95°C 
for 30 s, 58°C for 30 s, 72°C for 30 s; and a final extension step at 72°C for 5 min. 
We used 1 μl of DNA template for the first PCR amplification and 1 μl of the obtained 
amplicons as a template for a second semi-nested PCR, which was conducted with tagged 
primers. Tags were designed as described in (FIORE-DONNO ET AL., 2018). The used primers 
and tag combinations are provided in Supplementary Tables 3, 5. 
We applied the following final concentrations: DreamTaq polymerase (Thermo Fisher 
Scientific, Dreieich, Germany) 0.01 units, Thermo Scientific DreamTaq Green Buffer, dNTPs 
0.2 mM and primers 1 μM. To reduce the artificial dominance of few amplicons by PCR 
competition, all PCRs were carried out twice. At least two negative controls were included for 
every PCR to rule out possible cross-contaminations. PCR products were pooled, then purified 
and normalized using SequalPrep Normalization Plate Kit (Invitrogen GmbH, Karlsruhe, 
Germany). Sequencing was performed with a MiSeq v2 Reagent kit of 500 cycles for the shorter 
ITS amplicons (c. 250 bp) of Oomycota and a MiSeq v3 Reagent kit of 600 cycles for the 
amplified V4 Region fragments (c. 350 bp) of Cercozoa. Sequencing was conducted by a MiSeq 








All bioinformatic and statistical methods were applied to both Oomycota and Cercozoa datasets 
independently if not stated otherwise. Raw reads were merged using VSEARCH v2.10.3 
(ROGNES ET AL., 2016) at default settings. Merged contigs were demultiplexed with cutadapt 
v1.18 (M. MARTIN, 2011) allowing no mismatches in neither primer nor tag sequence. Cutadapt 
was also used to trim primer and tag sequences after demultiplexing. Sequences were then de 
novo clustered into operational taxonomic units (OTUs) using Swarm v2.2.2 (MAHÉ ET AL., 
2015) with d = 1 and fastidious option on, i.e., sequences differing in one nucleotide were added 
to the cluster. Chimeras were de novo detected using VSEARCH. OTUs were removed from 
the final OTU table if they were flagged as chimeric, showed a quality value of less than 0.0002, 
were shorter than 150 bp (Oomycota) or 300 bp (Cercozoa), or were represented by less than 
0.005% of all reads (NELSON ET AL., 2014; SAPP ET AL., 2018); i.e., 141 reads for Oomycota or 
269 reads for Cercozoa. 
For taxonomic assignment, OTUs were first tentatively assigned by using BLAST+ v2.9.0 
(CAMACHO ET AL., 2009) with default parameters against the non-redundant NCBI Nucleotide 
database (as of June 2019). OTUs were removed if the best hit in terms of bitscore was a non-
oomycete or non-cercozoan sequence, respectively. For a finer taxonomic assignment, two 
databases were used: The PR2 database v4.12.0 (GUILLOU ET AL., 2013) served as a taxonomic 
reference set for cercozoan V4 sequences, while for the Oomycota all available oomycete 
sequences were downloaded from NCBI Nucleotide (as of July 2019). Both databases were 
used as a template for an in silico PCR with cutadapt, with the same primer sequences used in 
this study. The resulting virtual amplicons served as a database with the same length and genetic 
origin as our sequenced amplicons, which offers the advantage of penalizing terminal gaps 
during the taxonomic annotation – which was performed with VSEARCH. The annotation was 
refined by assigning the species name of the best VSEARCH hit to the corresponding OTU if 
the pairwise identity was over 95%. OTUs with lower percentages were assigned higher 
taxonomic levels. 
To account for random effects due to low sequencing depth, the final OTU table was loaded 
into QIIME 2 v2018.11 (BOLYEN ET AL., 2019) to explore the sequencing depth by sample 
metadata. The minimum sequencing depth was determined depending on how many samples 
per metadata would be excluded. It was set as high as possible, while retaining at least five 
samples per microhabitat and 15 samples per tree species and resulted in a minimum sequencing 
depth of 9,588 sequences for oomycete samples and 15,684 sequences for cercozoan samples. 
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Statistical Analyses  
All statistical analyses were conducted in R v3.5.3 (R CORE TEAM, 2019). Rarefaction curves 
were carried out with the iNEXT package (CHAO ET AL., 2014; HSIEH ET AL., 2019) to determine 
if a higher sequencing depth would have revealed more OTUs. Alpha diversity indices were 
calculated for each sample using the diversity function in the vegan package (OKSANEN ET AL., 
2019) and pairwise significance was tested with Tukey’s Honest Differences (function 
HSD.test) as implemented in the agricolae package (DE MENDIBURU & YASEEN, 2020). The 
former methods were applied on the OTU table with absolute abundances. To explore 
differences in the community composition across the samples, the following beta diversity-
based methods were conducted on relative abundances. Non-metric multidimensional scaling 
(NMDS) was performed on the Bray-Curtis dissimilarity matrix of the log transformed table 
(functions vegdist and metaMDS in the vegan package, respectively). The same method was 
used in a permutational multivariate analysis of variance (permANOVA, function adonis), to 
test if oomycete and cercozoan OTU diversity differed across the strata, habitats and tree 
species. To analyze the effects of environmental factors to the variance of the community 
composition, a redundancy analysis was carried out on the Hellinger-transformed table 
(function rda in the vegan package). The function nestedtemp (vegan package) was used to test 
if communities or patches of species poor microhabitats might be a subset of species rich 
communities. Species accumulation curves were calculated using the specaccum function and 
the number of shared OTUs between different combinations of microhabitats was visualized 
using the UpSetR package (LEX ET AL., 2014; GEHLENBORG, 2019). An indicative value analysis 
(DUFRÊNE & LEGENDRE, 1997) was performed with the indicspecies package (DE CÁCERES & 
LEGENDRE, 2009) to identify indicator taxa in the different microhabitats. All figures were 
plotted with the ggplot2 package (WICKHAM, 2016). 
Results 
Sequencing and Bioinformatic Pipeline  
We obtained 550 OTUs from 1.381.839 sequences (Cercozoa) and 331 OTUs from 1.610.374 
sequences (Oomycota). The average number of cercozoan OTUs was 516 ± 15 and 546 ± 3 per 
microhabitat and tree species, respectively, while the average number of oomycete OTUs was 
236 ± 25 and 304 ± 4 per microhabitat and tree species, respectively. Tree canopies contained 
a substantially unknown diversity of oomycetes, with 57 oomycete OTUs with less than 70% 
percent identity to any known reference sequence, while this was the case for only three 
cercozoan OTUs (Figure 1). While most of the reads and OTUs showed a similarity of 97–
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100% to any known reference 
sequence, oomycete reads 
revealed two additional peaks 
at about 76 and 87%, 
indicating that a small but 
significant number of highly 
abundant OTUs in oomycetes 
is still not taxonomically 
recorded (see Supplementary 
Figure 1 and Supplementary 
Tables 1, 2 for taxonomic 
composition and annotation).  
 
 
Alpha Diversity  
The used taxon-specific 
primers thoroughly recovered 
the OTU richness of canopy 
and ground samples (soil and 
litter) as indicated by 
rarefaction curves 
(Supplementary Figure 2). 
The extrapolation showed that 
doubling the sequencing 
depth would have yielded no 
more cercozoan or oomycete 
OTUs. All sampled 
microhabitats showed high 
alpha diversity (Figure 2), 
except for oomycetes in the 
ground leaf litter (ANOVA F value = 10.79, p < 0.001; Figure 2B). 
 
Figure 2: Alpha diversity of microhabitats for cercozoan (A) and 
oomycete (B) communities. Boxplots describe the Simpson Index 
of the samples grouped by microhabitat; outliers are given by 
dots. Letters correspond to Tukey’s Honest Difference post hoc 
test, with microhabitats not sharing any letter having 
significantly different means. Simpson Index revealed high alpha 
diversity irrespective of the investigated protistan group, with the 
exception of lower alpha diversity of the leaf litter samples within 
the Oomycota. 
Figure 1: Similarity of protistan sequences to the taxonomic 
reference database. Oomycete sequences and operational 
taxonomic units (OTUs) are given in gray bars, cercozoan in red. 
Dark color represents the overlap between the bars. The majority 
of all reads (A) and OTUs (B) were ≥97% similar to the 
respective database. Around 17.2% of all oomycete OTUs had 
<70% similarity to known reference sequences, whereas only 
0.5% of the cercozoan reads had a similarity of <70% (not 
shown). 
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Beta Diversity  
Most variation in Cercozoa and Oomycota beta diversity was explained by microhabitat 
differences (permANOVA, Cercozoa: R2 0.45, p = 0.001; Oomycota: R2 0.30, p = 0.001). In 
addition, the beta diversity of oomycetes differed between tree species with a small, but 
significant proportion of explained variance, but not beta diversity of Cercozoa (permANOVA; 
Cercozoa: R2 0.04, p = 0.1; Oomycota: R2 0.06, p = 0.01; Supplementary Table 5). NMDS 
reflected a strong separation of community profiles between canopy and ground strata (Figure 
3; permANOVA; Cercozoa: R2 0.13, p = 0.001; Oomycota: R2 0.14, p = 0.001), showing that 
the composition of soil and litter communities was thoroughly different from the canopy 
inhabiting communities, especially in oomycetes. In Cercozoa, communities inhabiting fresh 
canopy leaves were most distinct to those in mineral soil on the ground (Figure 3A). However, 
cercozoan leaf litter communities were more similar to communities detected on fresh canopy 
leaves than to the underlying soil communities. A clear difference of beta diversity between 
cercozoan communities of bark and epiphytes with lichen and mosses (Hypnum sp. and 
Orthotrichum sp.) could not be observed, but they were clearly distinct to communities of 
deadwood and to those of fresh canopy leaves (Supplementary Table 6). Communities of 
arboreal soil were highly variable, ranging from samples with high similarity to mosses to 
samples closely resembling the mineral soil communities underneath the litter layer on the 
ground. Also, in Oomycota (Figure 3B), canopy, and ground communities were most different. 
Figure 3: Non-metric multidimensional scaling (NMDS) of Bray-Curtis dissimilarities of cercozoan 
(A) and oomycete (B) communities among microhabitats. Cercozoan communities showed a finer 
separation between canopy microhabitats compared to Oomycota, while the latter showed a clearer 
separation of communities between canopy (green and yellow) and ground (brown). Stress values of 
NMDS are shown in the lower right of each graph. Microhabitats were more influential for protistan 
community composition than tree species (Supplementary Table 5). 
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Again, communities of the two ground samples, mineral soil and leaf litter, showed no overlap 
(Figure 3B), with leaf litter having a low alpha diversity (Figure 2). Oomycete communities of 
the different canopy microhabitats showed a high overlap and accordingly showed less 
microhabitat specificity than cercozoan communities (Figure 3B). Further, oomycete 
communities of fresh canopy leaves were clearly distinct from those of ground litter, which 
scaled closer to communities detected in soil samples. A shared pattern between cercozoan and 
oomycete communities in the canopy was their high variability of beta diversity in the arboreal 
soil. 
A db-RDA showed the same pattern as NMDS but revealed more clearly the similarity of 
communities of fresh canopy leaves to deadwood in both protistan taxa (Supplementary Figure 
3). For the Cercozoa (Supplementary Figure 3A), the first and second axis explained 15.4 and 
12.8% of variance, respectively. The y-axis explained mostly the difference of cercozoan 
communities in mineral soil, while the x-axis explained the difference between communities in 
litter and deadwood in comparison to bark and epiphytes. Communities of fresh canopy leaves 
and litter on the ground were rather similar, and again bark and epiphyte communities did not 
differ. No clear pattern was found between tree species and arboreal soil. In the Oomycota, the 
x-axis explained 13.6% of variance and separated the canopy communities from communities 
of litter and mineral soil on the ground (Supplementary Figure 3B). Bark and epiphytes 
communities were similar and little separated along the y-axis from canopy leaf communities. 
Further, oomycetes of Quercus and Fraxinus were separated along the y-axis, which however 
explained only 5.6% of variance. 
Taxonomic Diversity  
Analysis of the taxonomy within the different 
microhabitats revealed similar patterns for 
both strata ground and canopy (Figure 4). The 
cercozoan order Glissomonadida dominated 
Figure 4: Taxonomy of Cercozoa (A) and 
Oomycota (B) partitioned on the different 
microhabitats. Gray “X”s represents indicative 
taxa within the respective order and 
microhabitat. Orders represented by less than 
1% of all reads were concatenated to “Other” 
for the sake of clarity. Most cercozoan OTUs 
were assigned to Cercomonadida, Cryomo-
nadida, Euglyphida, and Glissomonadida in all 
habitats, while oomycete habitats were 
dominated by Peronosporales and Pythiales. 
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all habitats. With 40 ± 10.1% relative abundance per microhabitat followed by the orders 
Cercomonadida (14.8 ± 7.8%), Cryomonadida (13.8 ± 8.4%), and Euglyphida (13.8 ± 10.9%). 
The indicative value analysis determined OTUs belonging to these orders to be indicators for 
most habitats, while additionally OTUs from the Thaumatomonadida were indicative for fresh 
leaves and soil habitats and members of the Spongomonadida for the two mosses Hypnum and 
Orthotrichum as well as soil (Figure 4A). Oomycete communities were dominated by OTUs 
belonging to the orders Peronosporales (47.4 ± 18.2%) and Pythiales (28.3 ± 14.4%), with a 
high relative abundance of Lagenidiales in deadwood and leaf litter samples (42.3 and 33.3%, 
respectively; Figure 4B). OTUs belonging to the latter order were also determined to be 
indicative for these habitats. Additionally, OTUs from the Peronosporales were indicators for 
bark, leaf litter, and soil samples, and members of the Pythiales were indicative for deadwood, 
leaf litter, and soil samples. 
Shared OTUs 
Despite major differences in 
beta diversity, the majority of 
OTUs were shared between 
all microhabitats irrespective 
of the protistan phylum 
(Figure 5). Only a few 
combinations yielded more 
than 10 unique OTUs shared 
between distinct micro-
habitats, which is negligible 
given the high OTU richness 
per sampled microhabitat, 
which varied between 498 
(deadwood) and 537 OTUs 
(fresh leaves) for the 
Cercozoa (Figure 5A) and 
between 189 (leaf litter) and 
270 (Orthotrichum moss) for 
the Oomycota, respectively 
(Figure 5B). Because almost 
Figure 5: Shared OTUs of Cercozoa (A) and Oomycota (B) 
between microhabitats. Top bar chart represents the sum of the 
number of shared OTUs resulting from the combination of 
microhabitats in the matrix below. Only the 15 combinations with 
the highest numbers of shared OTUs are shown. The majority of 
OTUs were shared between all microhabitats, irrespective of the 
investigated protistan phylum. 
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all OTUs were shared between all microhabitats with the species accumulation curve showing 
only a flat increase, communities revealed no patterns of nestedness (Supplementary Figures 4, 
5). 
Discussion 
Application of taxon-specific primers ensured an exhaustive coverage of the investigated 
protistan taxa, which has two major consequences: First, OTU richness of both Cercozoa and 
Oomycota in our study is at least an order of magnitude higher than in studies using general 
eukaryotic primers (LENTENDU ET AL., 2014; GEISEN ET AL., 2015A; MAHÉ ET AL., 2017). Thus, 
the majority of detected OTUs account for a large undescribed diversity (Figure 1) and may 
represent so far uncharacterized lineages, especially in the phylum Oomycota, as only 34% of 
the OTUs were 97–100% similar to any known sequenced species. Second, the majority of all 
OTUs were detected in all microhabitats, a crucial precondition to avoid an erroneous 
classification of species as absent or rare by undersampling (Supplementary Figure 2). 
Our data show how discrete microhabitat niches lead to compositional heterogeneity of 
microbial communities in tree canopies and ultimately within entire tree-based ecosystems 
(PEAY ET AL., 2016; CREGGER ET AL., 2018). Beta diversity of canopy communities was 
strikingly different to mineral soil communities on the ground (Figure 3A). In addition, different 
microhabitats within tree canopies were further colonized by distinct cercozoan communities. 
However, we could not confirm an increased species richness with increasing habitat diversity. 
One explanation for this observation could be the dominance of generalist species with high 
dispersal capacity (FINLAY ET AL., 2001; BAHRAM ET AL., 2016), which in turn might have led 
to observed consistent species richness. Thus, differences in beta diversity were solely driven 
by differences in relative abundance between protistan taxa due to better adaptations to habitat-
specific conditions (i.e., habitat filtering). The ubiquitous distribution of Cercozoa and 
Oomycota shows that generally most taxa can occur everywhere (Figures 4, 5), but the 
occurrence of only a few specialist OTUs does not imply functional homogenization at the 
community level across microhabitats, but rather indicates that with increasing habitat diversity 
functional diversity could increase to a greater extent than OTU richness (OFEK-LALZAR ET AL., 
2014). 
Our findings differ from patterns observed for bacteria (LUNDBERG ET AL., 2012; OTTESEN ET 
AL., 2013; WAGNER ET AL., 2016), epifoliar fungi (GILBERT ET AL., 2007), or lichens (MARMOR 
ET AL., 2013; BOCH ET AL., 2013), where highly specialized microhabitat communities have 
been reported. Primary consumers such as bacteria experience a direct selective pressure by 
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differences in resource composition between plant microhabitats (VANDENKOORNHUYSE ET AL., 
2015; THAPA ET AL., 2017; SASSE ET AL., 2018). Compared to the highly specific bacterial 
communities of tree bark, mosses, and lichens (ASCHENBRENNER ET AL., 2017), canopy protists 
detected in our study appear to rather depend on general microhabitat characteristics than on a 
specific microhabitat identity. This is best exemplified within the cryptogamic epiphytes. 
Lichen and the two moss taxa harbored quite similar cercozoan and oomycete communities 
(Figure 3). These epiphytes are characterized by quickly changing conditions with rapid 
swelling and storage of moisture from morning dew and after rainfall to severe dryness at 
sunshine (JONSSON ET AL., 2014; BENÍTEZ ET AL., 2018), which to a certain degree may act as 
environmental filters favoring specific protistan taxa. In contrast, cercozoan and oomycete 
communities in arboreal soil samples showed high variability in beta diversity, spanning from 
moss-like communities to soil-like communities (Figure 3). This indicates that observed 
communities resembling those of mineral soil are not restricted to the forest floor.  Thus, 
community variability in arboreal soil might be due to the varying degree of decay of the 
sampled material and its distinct physicochemical properties (NADKARNI ET AL., 2002), which 
further supports our observation that increasing habitat heterogeneity results in increasing 
dominance of certain protistan taxa, which determine the compositional heterogeneity of 
cercozoan and oomycete communities. 
MAHÉ ET AL. (2017) hypothesized that soil protists could also be found in the canopy from 
where they might have been washed down; a pattern confirmed for leaf endophytic fungi in 1-
year old beech litter of temperate forests (GUERREIRO ET AL., 2018). Also, cercozoan 
communities were surprisingly similar between canopy leaves and leaf litter on the ground 
(Figure 3A), suggesting that the phyllosphere may substantially contribute to community 
assembly of cercozoan litter communities. A growing number of studies lend support to this 
hypothesis by identifying particular cercozoan species predominantly adapted to life in the 
phyllosphere (DUMACK ET AL., 2017; FLUES ET AL., 2017; ÖZTOPRAK ET AL., 2020). Oomycetes 
on the other hand showed significantly different patterns of beta diversity between phyllosphere 
and ground litter, showing that this pattern cannot be confirmed for protists in general and that 
different protistan groups do not behave uniformly. While fresh canopy leaves and ground litter 
had highest OTU richness of Cercozoa (Figure 5A), ground litter contained a significantly 
depleted diversity of Oomycota (Figure 2B). The small, but significant differences of oomycete 
communities between tree species (Supplementary Figure 3B; Supplementary Table 5) might 
be explained by differences in host specificity, since oomycetes are well known to contain 
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specific pathogens infecting leaves, stems, and roots of forest trees (RIZZO & GARBELOTTO, 
2003; LEHTIJÄRVI ET AL., 2017), which deserve further attention in future studies. 
The ubiquity of the OTUs is also reflected on a taxonomic scale (Figure 4). Cercozoans 
belonging to the class of Sarcomonadea (Glissomonadida and Cercomonadida) have been 
shown to dominate various terrestrial habitats (GEISEN ET AL., 2015A; PLOCH ET AL., 2016; 
FIORE-DONNO ET AL., 2018). Aforementioned pattern was also observed in the investigated 
canopy and ground samples, further indicating a high dispersal rate and habitat generalists 
within these orders. However, indicative value analysis determined OTUs belonging to these 
orders to be indicators for most habitats, thus the presence of specialist OTUs is not negligible. 
Most oomycete OTUs were assigned to the Peronosporales and Pythiales, irrespective of the 
microhabitat (Figure 4B). This dominance is not surprising as Peronosporales and Pythiales  
comprise the highest number of described oomycete species (THINES, 2014). A prominent 
exception however is the dominance of Lagenidiales within deadwood and leaf litter 
communities. Members of the Lagenidiales have hitherto been described as obligate parasites 
for aquatic organisms (SPARKS, 1986; NAKAMURA & HATAI, 1995) and mammals, including 
humans (MENDOZA & VILELA, 2013). The Lagenidiales in our study, however, only show a 
pairwise identity of 76% or less to any known reference sequence, which therefore might 
represent undescribed lineages independent from lifestyles described for known Lagenidiales. 
Conclusion 
Beta diversity of Cercozoa and Oomycota was solely driven by differences in the relative 
abundance of OTUs, because almost all taxa did occur ubiquitously among tree crowns and soil 
of the floodplain forest. Accordingly, species richness did not increase with habitat diversity as 
hypothesized and the strong differences in beta diversity between protistan communities of the 
forest floor and tree crowns and among microhabitats within tree crowns can be almost solely 
attributed to differences in relative abundance. Taxonomic differences between tree species had 
a surprisingly low influence on cercozoan community assembly; even the mostly plant-parasitic 
oomycetes did not show a high degree of host-specificity. Being mainly secondary consumers, 
the low host specificity of both investigated protistan taxa appears as a major difference to the 
often-high host specificity of microbial primary consumers. Both strata, forest floor and canopy 
showed quite unique cercozoan and oomycete communities, but communities of arboreal soil 
became more similar to those in mineral soil. Cercozoan communities of canopy leaves differed 
little from Cercozoa in the litter layer on the ground, indicating strong selective forces of 
microhabitat conditions independent of the canopy or ground stratum. Thus, our findings 
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indicate that the diversity of terrestrial protists is strongly shaped by habitat filtering, but – a 
thorough taxon sampling provided – species richness is hardly affected. 
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Cercozoa and Oomycota contain a huge biodiversity and important pathogens of forest trees 
and other vegetation. We analyzed air dispersal of these protistan phyla with an air sampler 
near-ground (~2 m) and in tree crowns (~25 m) of three tree species (oak, linden and ash) in a 
temperate floodplain forest in March (before leafing) and May (after leaf unfolding) 2019 with 
a cultivation-independent high-throughput metabarcoding approach. We found a high diversity 
of Cercozoa and Oomycota in air samples with 122 and 81 OTUs, respectively. Especially 
oomycetes showed a significant difference in community composition between both sampling 
dates. Differences in community composition between air samples in tree canopies and close 
to the ground were however negligible, and also tree species identity did not affect communities 
in air samples, indicating that the distribution of protistan propagules through the air was not 
spatially restricted in the forest ecosystem. OTUs of plant pathogens, whose host species did 
not occur in the forest, demonstrate dispersal of propagules from outside the forest biome. 
Overall, our results lead to a better understanding of the stochastic processes of air dispersal of 
protists and protistan pathogens, a prerequisite to understand the mechanisms of their 
community assembly in forest ecosystems.  
Introduction 
The air is an effective means of long-distance propagation for a wide range of microbial 
organisms (FOISSNER & HAWKSWORTH, 2009; PEPPER & DOWD, 2009; GOTTSCHLING ET AL., 
2020). Tree canopies are the largest biological interface between the soil and the atmosphere 
(OZANNE ET AL., 2003; ELLWOOD & FOSTER, 2004), which therefore may act as a huge natural 
filter for airborne microbial propagules, including unicellular eukaryotes (protists). Within the 
paraphyletic taxon of protists, the Cercozoa (Rhizaria) are highly diverse in morphology and 
physiology and show a high functional and ecological variety (BASS ET AL., 2009; HARDER ET 
AL., 2016). They dominate terrestrial habitats (URICH ET AL., 2008; VOSS ET AL., 2019) and 
harbor important plant pathogens, such as the Endomyxa, which have recently been separated 
from the Cercozoa and elevated to a separate phylum (CAVALIER-SMITH ET AL., 2018). Another 
protistan taxon, the Oomycota (Stramenopiles), contain important parasites of forest trees, and 
many lineages produce caducous sporangia for dissemination (GOHEEN & FRANKEL, 2009; 
ROBIDEAU ET AL., 2011; LANG-YONA ET AL., 2018). With almost 800 described species, 
Oomycota are reported to have a broad distribution and a wide variety of ecological roles 
(ROBIDEAU ET AL., 2011; THINES, 2014; JUDELSON, 2017). Further, it is one of the eukaryotic 
groups with a great impact on ecosystems, as well as on economics and human health: the most 
famous species is Phytophthora infestans, which causes the potato blight. In the 1840s it led to 
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the great famine in Ireland followed by massive emigration (LARA & BELBAHRI, 2011; 
ROBIDEAU ET AL., 2011). 
Protists can be passively disseminated over long distances by viable propagules, mostly as 
resting stages (cysts), while some groups, especially pathogens with more complex life cycles, 
also form sporangia for dispersal (COWLING, 1994; KAGEYAMA & ASANO, 2009). Cysts are 
formed under unfavorable conditions, e.g. due to dryness, lack of food, or microbial antibiotics 
(PETZ & FOISSNER, 1988; ADL & GUPTA, 2006; JOUSSET ET AL., 2006), and it has been assumed 
that the cyst bank plays an important role for the resilience of protists and their functions in 
terrestrial environments (GEISEN ET AL., 2017). Viable protist cysts can be retrieved from soils 
even after decades (MOON-VAN DER STAAY ET AL., 2006; KAGEYAMA & ASANO, 2009), leading 
to the long-standing question of how cosmopolitan protists are (FINLAY, 2002; FENCHEL & 
FINLAY, 2004; FOISSNER, 2009).  
FINLAY ET AL. (2001) proposed that the spatial distribution of protistan propagules is 
influenced by several randomizing factors, such as soil particles dispersed in the air, convective 
transport, or fog. ROGERSON AND DETWILER (1999) determined that on average 0.25 cysts m-3 
are contained in the air depending on wind speed and time since last precipitation. Using a 
molecular approach, GENITSARIS ET AL. (2014) came to generally similar conclusions, while 
they further detected operational taxonomic units (OTUs) with constant presence as well as 
OTUs exhibiting seasonal variation. High humidity increases the chance of survival of 
transported microbes and promotes their deposition (FUZZI ET AL., 1997; EVANS ET AL., 2019) 
and airborne microorganisms can be transported in fog droplets by atmospheric turbulence over 
long distances (FUZZI ET AL., 1997; AMATO ET AL., 2005).  
Recently, JAUSS ET AL. (2020B) confirmed a ubiquitous distribution of Cercozoa and Oomycota 
in a floodplain forest, despite strong differences in community composition of different 
microhabitats related to differences in the relative abundance of taxa. This led to the conclusion 
that within forest ecosystems both cercozoans and oomycetes can colonize most habitats, in 
which they then however do not perform similarly well due to the deterministic process of 
habitat filtering. One reason for this ubiquitous presence of these protists could be air dispersal 
as a neutral process complementing the community assembly in the microhabitats (CHAVE, 
2004).  
Here, we studied the air dispersal of Cercozoa, Endomyxa and Oomycota by a cultivation-
independent high throughput metabarcoding approach to analyze protistan diversity in the air 
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surrounding tree canopies and near the ground of a temperate floodplain forest, to gain a deeper 
insight into the mechanisms how protists and their pathogenic lineages are distributed in the 
environment. These examinations tackled two hypotheses: (1) There are differences in the 
distribution in the vertical plane as a strong discrepancy between canopy and near ground 
habitats was previously described. (2) There are differences in the air-dispersed community 
composition between the two sampling time points, potentially due to temporal niche effects 
which further drive the community and pathogen assembly in forest ecosystems.  
Material and Methods 
Sampling and DNA extraction  
Air samples were taken in a temperate deciduous floodplain forest in the northwest of the city 
of Leipzig, Germany (51.3657 N, 12.3094 E) with a MicroBio MB2 Bioaerosol Sampler 
(Cantium Scientific, Dartford, UK) containing 1% agar plates. The samples were collected 
under defined conditions drawing 100 l/min of air for ten minutes (= 1000l per sample) in two 
strata: (1) ~2m above the ground with the air sampler attached to the tree trunks and (2) in ~25m 
height within tree canopies with the help of the Leipzig Canopy Crane (LCC) facility. In the 
latter stratum, the air sampler was attached to the crane gondola which was navigated into 
accessible spots within the canopy vegetation before the sampling of air was started. Two 
samplings were carried out – one in March and one in May 2019. For each sampling, three tree 
species with three replicates each were chosen (Quercus robur, Tilia cordata and Fraxinus 
excelsior). As non-arboral control, samples were also taken on the crane tracks (free from 
vegetation within a radius of ca. 5m) near the ground and at canopy height. Samples were 
collected with technical duplicates which were pooled after DNA extraction, with two plates 
per stratum and of each replicated tree species, yielding 40 plates per sampling. After air 
sampling, the agar plates were taken out of the instrument, sealed with parafilm to prevent 
contaminations and frozen until the DNA was extracted with the DNeasy PowerSoil® Kit 
according to the instructions supplied by the manufacturer. Weather conditions were tracked 
with a WebVIS data logger attached to the crane (Umweltanalytische Produkte GmbH, 
Ibbenbüren, Germany) (Table 1).  
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Table 1: Weather conditions at the sampling days in March and May 2019 
PCR amplification and sequencing 
DNA was amplified in duplicates with tagged oomycete- and cercozoan-specific primers 
(JAUSS ET AL., 2020B; FIORE-DONNO ET AL., 2020; FIORE-DONNO & BONKOWSKI, 2021) 
(Supplementary Table 1, Supplementary Table 2) targeting the ITS1 region (Oomycota) and 
V4 region of the 18S rRNA gene (Cercozoa), respectively. PCR-products were purified 
following the directions of the NucleoSpin® PCR clean-up protocol. Afterwards, DNA 
concentrations were measured with the QubitTM4 fluorometer in combination with the QubitTM 
dsDNA HS Assay Kit. For consecutive Illumina MiSeq Sequencing, a library was prepared 
following the MEYER AND KIRCHER (2010) protocol. DNA concentrations were checked 
repeatedly before and after Illumina sequencing by utilization of DNA chips analyzed with the 
Agilent 2100 Bioanalyzer. Between the steps of library preparation, reaction clean-up was 
performed with the AMPure XP System using carboxyl coated magnetic beads (SPRI beads). 
Subsequent steps and the Illumina MiSeq sequencing itself were performed by the sequencing 
team of the Max Planck Institute for Evolutionary Anthropology in Leipzig, Germany.  
Sequence processing and statis tical analyses 
Bioinformatic and statistical analyses followed the pipeline described in JAUSS ET AL. (2020B). 
Briefly, resulting reads were merged and clustered into operational taxonomic units (OTUs) 
using a custom pipeline utilizing cutadapt v1.18 (M. MARTIN, 2011), Swarm v2.2.2 (MAHÉ ET 
AL., 2015) and VSEARCH v2.10.3 (ROGNES ET AL., 2016). OTUs were then annotated using 
NCBI’s non-redundant nucleotide database and the Protist Ribosomal Reference Database 
(GUILLOU ET AL., 2013) for oomycete and cercozoan OTUs, respectively (Supplementary Table 
3, Supplementary Table 4). OTUs resembling non-oomycete or non-cercozoan sequences were 
excluded. Samples with less than 5 OTUs or with a sequencing depth lower than 20617 reads 
(Oomycota) and 16922 reads (Cercozoa) were omitted. Statistical analyses of alpha and beta 
diversity and final visualizations were performed in R v3.5.3 (R CORE TEAM, 2019) with the 
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packages vegan (OKSANEN ET AL., 2019), ggplot2 (WICKHAM, 2016) and ggraph (PEDERSEN, 
2020). Non-metric multidimensional scaling (NMDS) with three dimensions was performed on 
the Bray-Curtis dissimilarity matrix of the log transformed relative abundances (functions 
vegdist and metaMDS in the vegan package, respectively). To test if oomycete and cercozoan 
OTU diversity differed across the strata, sampling time points and tree species, a permutational 
multivariate analysis of variance (permANOVA, function adonis) was carried out with 999 
permutations and otherwise default settings. Rarefaction curves were calculated with the 
iNEXT package (CHAO ET AL., 2014; HSIEH ET AL., 2019) to ensure sufficient sequencing depth. 
Results 
Amplification, sequencing and bioinformatic pipeline  
After DNA isolation, all samples were amplified successfully with oomycete specific primers 
whereas nine out of 20 samples had to be excluded for the cercozoan dataset due to the failure 
of successful amplification of duplicates. Further, samples containing less than 1ng/µl DNA 
were excluded from subsequent processing, as well as samples with a low sequencing depth 
(see Sequence processing and statistical analyses), yielding 9 cercozoan samples from March 
and 4 from May, as well as 13 oomycete samples from March and 20 from May (Supplementary 
Table 5). Of cercozoan reads, 94.4% could be merged with a mean length of 370±35 bp 
resulting in 122 OTUs in total. Of oomycete reads, 92.6% of derived 300 bp long paired-end 
sequencing reads could be merged and the mean fragment length accounted for 285±38 bp, 
which were finally clustered into 81 OTUs. 
Alpha diversity  
Rarefaction curves revealed a sufficient sequencing depth for both cercozoan and oomycete 
communities (Supplementary Figure 1), thus, our dataset thoroughly recovered the whole OTU 
richness in the air samples. Neither OTU richness nor Shannon-diversity nor evenness of 
Cercozoa or Oomycota differed between tree species, near ground and canopy or non-arboreal 
controls, although variation within canopy samples was much lower than of ground samples in 
Cercozoa (e.g. OTU richness CVGround = 42.3%, CVCanopy = 5.6%). However, Shannon-diversity 
and evenness of both protistan groups and OTU richness of oomycetes were higher in May than 
in March – indicated by Gaussian generalized linear regression – which suggests that the tree 
foliage in May did not restrict protistan distribution (Figure 1).  




Figure 1: Boxplot of alpha 
diversity indices of cercozoan (A) 
and oomycete (B) samples. 
Pairwise comparisons of March 
vs. May samples and canopy vs. 
ground samples, respectively are 
shown. Significance was tested 
with Gaussian generalised linear 
regression and is indicated by 
asterisks (ns = p>0.05, * = 
p<0.05, ** = p<0.01, *** = 
p<0.001) 
Beta diversity  
The following beta diversity measurements are based on communities with abundances taken 
into account. For Cercozoa, community composition of air samples did not differ between tree 
species (permANOVA R2=0.165, p=0.419), ground vs. canopy stratum (permANOVA 
R2=0.088, p=0.355) nor sampling time points (permANOVA R2=0.094, p=0.256). However, 
based on qualitative assessments the variation was much lower in May compared to March, and 
lower in canopy samples compared to near-ground samples (Figure 2A). Oomycete 
communities differed between sampling time points (permANOVA R2=0.167, p=0.001), but 
not between tree species (permANOVA R2=0.080, p=0.430) or the strata near-ground and 
canopy (permANOVA R2=0.038, p=0.137) (Figure 2B, Supplementary Table 6).  
 
Figure 2: Non-metric multidimensional scaling (NMDS) plot of cercozoan (A) and oomycete (B) 
samples. Canopy and ground samples show a large overlap, while in oomycetes the March and May 
samples show a strong separation. 
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Taxonomic diversity  
Cercozoan OTUs were 
dominated by the orders Cryo-
monadida and Glissomona-
dida, whereas the least 
abundant ones were Mari-
monadida and an unspecified 
order named Cercozoa_XX, 
comprising undescribed 
cercozoan lineages (Figure 
3A). We detected no OTUs 
assigned to the plant parasitic 
Endomyxa. Oomycete OTUs 
were almost exclusively 
dominated by Peronosporales 
(Figure 3B), with only few 
members of the Pythiales, and 
the Albuginales being the 
least abundant order. 
The number of shared OTUs indicated a 
difference in community composition 
between the two sampling time points in both 
protistan taxa (Figure 4), and community 
composition of cercozoan OTUs varied also 
spatially between canopy and near-ground at 
the incidence level, i.e., based on 
presence/absence data.  
Partitioning of the taxonomy into the two 
sampling time points revealed similar 
patterns (Figure 5), yet the cercozoan order 
Euglyphida was exclusively present in March 
samples, and oomycete Pythiales showed a 
higher abundance in March than in May.  
Figure 3: Taxonomic annotation of cercozoan (A) and oomycete 
(B) OTUs. Labels give the detected orders and the eight most 
abundant species with their corresponding genus. 
 
Figure 4: Venn diagram giving the number and 
proportion of shared OTUs between March and 
May samples and Canopy and Ground samples, 
respectively, for Cercozoa (A) and Oomycota 
(B) based on OTU presence/absence. 




In a recent study, JAUSS ET AL. (2020B) 
quantified the diversity of Oomycota and 
Cercozoa in canopy microhabitats and in litter 
and soil on the ground of the same floodplain 
forest. This allows for a direct comparison of 
the total diversity of these protists in the forest 
stand with the potential diversity of taxa 
distributed by air during two time points. We 
detected 122 and 81 OTUs of Cercozoa and 
Oomycota in air samples, respectively, which 
corresponds to 22 and 24% of the former 
reported total diversity of these protistan 
phyla. The comparatively high proportion of 
shared OTUs between the two sampling time points based on presence/absence data (Figure 4) 
suggests the distribution of some protistan taxa to be not restricted by dispersal-limitation, but 
rather indicates a continuous propagule rain of potentially invasive species and their 
accumulating resting stages occupying vacant niches. The vertical distribution of protists in air 
samples was rather homogeneous and did not differ between tree canopy and near-ground. In 
contrast, JAUSS ET AL. (2020B) found clear spatial patterns of oomycetes and cercozoans in 
microhabitats in tree canopies compared to the forest floor, suggesting that only part of the 
airborne propagule rain finds suitable conditions for survival in tree crowns due to habitat 
filtering for physiologically active cells. The differences in community composition between 
the sampling time points could be either related to temporal variations in the activity and 
distribution of protists, or more likely due to a dependency on the weather during the sampling. 
In March, the conditions were less favorable for dispersal, with comparatively low temperatures 
and humidity with immediate previous precipitation events that have to be taken into account 
(Table 1). The remaining ground moisture might have prevented the lofting of protists through 
wind currents, while in May the atmospheric conditions were more favorable for dispersal with 
higher average temperatures and a higher humidity. The conditions in May probably favored 
the lofting of protists into the atmosphere and their long-distance dispersal, leading to a higher 
protistan diversity and OTU richness (Figure 1), even though the wind speed was slower 
compared to March (Table 1). As wind speed was determined to be an important factor 
governing the species richness of microorganisms in air samples (ROGERSON & DETWILER, 
Figure 5: Sankey distribution diagram of 
cercozoan (A) and oomycete (B) orders in 
March and May samples. Orders represented by 
less than 1% of all reads were removed from the 
visualisation for the sake of clarity. 
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1999; GENITSARIS ET AL., 2014), faster wind speeds in May probably could have conveyed more 
protists. This suggests not a single factor, but rather the interplay between atmospheric 
conditions driving the OTU richness and community assembly in the air. However, as the crane 
can only be operated at comparatively low wind speeds for safety reasons, our sampling 
possibly only represents the lower counts of what can be dispersed by air.  
Air dispersal is an important means for the distribution of microbial plant pathogens, and 
oomycetes are no exception (FAWKE ET AL., 2015; LANG-YONA ET AL., 2018). Yet, 
comprehensive assessments of their abundances within the forest air were lacking. The presence 
of ~54% of all oomycete OTUs in both sampling events (Figure 4B) indicates a continuous 
presence of both peronosporean and pythialean oomycete spores and consequently a high 
proportion of potentially physiologically active oomycetes, including potential pathogens 
within forest ecosystems. Oomycetes pose a serious threat to forest health and functioning, it is 
therefore crucial to better understand their diversity and distribution patterns of the total forest 
ecosystem, including air samples (DEREVNINA ET AL., 2016; AJCHLER ET AL., 2017; JUNG ET 
AL., 2018; LANG-YONA ET AL., 2018). We detected no OTUs assigned to the orders 
Saprolegniales, Lagenidiales or Myzocytiopsidales, even though JAUSS ET AL. (2020B) found 
them in canopy and ground microhabitat samples. All three orders are capable of forming 
dispersal stages, while their absence in our air samples could be due to a different timing of 
their sporulation, as our samples can only represent a snapshot of aerobic diversity.  
Three dominant cercozoan orders were detected in air samples, i.e. Cryomonadida, Euglyphida 
and Glissomonadida, but surprisingly no plant parasites of the Endomyxa, which have been 
shown to be present in this floodplain forest (WALDEN ET AL., 2021). Testate amoebae from the 
orders Cryomonadida and Euglyphida occurred in high numbers. Cryomonadida (Thecofilosea) 
are filose amoeba with robust extracellular organic tests (ADL ET AL., 2019). OTUs assigned to 
the Rhogostoma-lineage within the Cryomonadida dominated the samples. Rhogostoma species 
form resting stages resistant against desiccation for up to three months, although they form no 
cysts or zoospores (MYLNIKOVA & MYLNIKOV, 2012; ÖZTOPRAK ET AL., 2020). Assulina 
seminulum, has a silica test with a remarkable size of 60-90 µm (LARA ET AL., 2010), and 
dominated the air dispersed euglyphids, demonstrating that protists of this size can be still easily 
dispersed by air (FINLAY, 2002). Not surprising was the dominance of Glissomonadida, 
represented by small flagellates of the families Sandonidae and Allapsidae. Their high 
abundance is consistent with observations of PLOCH ET AL (2016) and JAUSS ET AL (2020B). All 
these orders are an integral part of the protist phyllosphere microbiome (AGLER ET AL., 2016; 
DUMACK ET AL., 2017; FLUES ET AL., 2018). Overall, their presence in the microbiome as well 
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as their high abundance in air samples indicates canopies and their phyllosphere to be a potential 
reservoir not only for dust and particles (WEBER ET AL., 2014; CHEN ET AL., 2017), but also for 
microorganisms and potential plant pathogens. 
Conclusion 
A significant difference in the two sampling time points in abundances of oomycetes and their 
pathogenic lineages indicates some protistan communities to be driven by neutral processes in 
terms of random dispersal together with temporal niche effects, while spatial differences in the 
vertical distribution of cercozoans and oomycetes were not found. Accordingly, air dispersal 
may explain the ubiquitous presence of Cercozoa and Oomycota (and likely of other protistan 
taxa) in the floodplain forest. Our results further contribute to the understanding of how protists 
disperse, and which factors drive the distribution of plant pathogens within forest ecosystems. 
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Tree canopies are colonized by billions of highly specialized microorganisms that are well 
adapted to the highly variable microclimatic conditions, caused by diurnal fluctuations and 
seasonal changes. In this study we investigated seasonality patterns of protists in the tree 
canopies of a temperate floodplain forest via high-throughput sequencing with group-specific 
primers for the phyla Cercozoa and Endomyxa. We observed consistent seasonality, and 
identified divergent spring and autumn taxa. Tree crowns were characterized by a dominance 
of bacterivores and omnivores, while eukaryvores gained a distinctly larger share in litter and 
soil communities on the ground. In the canopy seasonality was largest among communities 
detected on the foliar surface: In spring, higher variance within alpha diversity of foliar samples 
indicated greater heterogeneity during initial colonization. However, communities underwent 
compositional changes during the aging of leaves in autumn, highly reflecting recurring 
phenological changes during protistan colonization. Surprisingly, endomyxan root pathogens 
appeared to be exceptionally abundant across tree canopies during autumn, demonstrating a 
potential role of the canopy surface as a physical filter for air-dispersed propagules. Overall, 
about 80% of detected OTUs could not be assigned to known species – representing dozens of 
microeukaryotic taxa whose canopy inhabitants are waiting to be discovered. 
Introduction 
Tree canopies –  an ephemeral environment for microbes  
The forest canopy is defined as ‘the aggregate of all tree crowns in a stand of vegetation, which 
is the combination of all foliage, twigs, fine branches, epiphytes as well as the air in a forest’ 
(PARKER ET AL., 1995). With an estimated area exceeding 100 million km² globally, the foliar 
surface forms the largest biological surface on earth (MORRIS & KINKEL, 2002; PEÑUELAS & 
TERRADAS, 2014). Nevertheless, knowledge on microorganisms inhabiting the phyllosphere, 
i.e. the whole aerial region of plants dominated by leaves (VORHOLT, 2012), is far less advanced 
than that of below-ground counterparts (i.e. rhizosphere, soil, litter layer). The phyllosphere is 
subject to recurrent microclimatic dynamics due to rapid changes in abiotic stressors, such as 
UV radiation, temperature, humidity and osmotic pressure, during daily fluctuations that only 
specially adapted microorganisms can cope with (BALDOCCHI & COLLINEAU, 1994; VORHOLT, 
2012; MANCHING ET AL., 2014; STONE ET AL., 2018). Considering that perennial deciduous 
plants produce and shed their leaves annually, the phyllosphere represents a highly ephemeral 
environment (VORHOLT, 2012; MWAJITA ET AL., 2013). Thus, it can be presumed that 
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microorganisms dwelling within this habitat opportunistically colonize, multiply and occupy 
newly formed niches after leaf emergence throughout the year. 
On the seasonal variability of microbial plant dwellers  
Former studies on foliar microecology observed bacteria to be, by far, the most abundant 
inhabitants, with on average 106−107 bacterial cells per cm2 of foliar surface (LINDOW & 
BRANDL, 2003; RASTOGI ET AL., 2013). Investigations into the variation of microbial 
communities on leaves over multiple temporal and spatial scales provided detailed knowledge 
on the taxonomy and the ecology of bacterial leaf inhabitants (THOMPSON ET AL., 1993; 
JACQUES ET AL., 1995). Seasonal variability turned out to be a major driver of variation in these 
prokaryotic communities (COPELAND ET AL., 2015; BAO ET AL., 2019; GRADY ET AL., 2019). 
Another, but still neglected important factor shaping foliar bacterial communities are microbial 
predators, i.e. bacterivorous protists (MUELLER & MUELLER, 1970; BAMFORTH, 1973, 2007, 
2010; FLUES ET AL., 2017). Protistan predation has a profound influence on the structure and 
function of bacterial communities (MATZ & KJELLEBERG, 2005; ROSENBERG ET AL., 2009; 
JOUSSET, 2012; AMACKER ET AL., 2020). Since these microbial eukaryotes comprise a vast array 
of functional traits in morphologies, locomotion and nutrition types (FIORE-DONNO ET AL., 
2019; DUMACK ET AL., 2020B), we presume that different protistan taxa likely play 
complementary ecological roles within the highly heterogeneous habitat of forest canopy. In 
contrast to molecular surveys on seasonal changes in prokaryotic diversity (RASTOGI ET AL., 
2012; COPELAND ET AL., 2015; AGLER ET AL., 2016), studies on community shifts of protists 
over time were commonly conducted in aquatic systems for dominant taxa (RYNEARSON ET AL., 
2006; AGUILERA ET AL., 2007) or at higher taxonomical level (TAMIGNEAUX ET AL., 1997; 
ARAÚJO & GODINHO, 2008). Studies on terrestrial protists often lack a temporal dimension. 
Consequently, analyses of seasonality in terrestrial protistan communities are still rare and 
limited to a relatively small range of ecosystem types, dominated by soil habitats (FIORE-
DONNO ET AL., 2019; FOURNIER ET AL., 2020). Hence, the effect of a seasonal niche separation 
as a possible selective force for temporal shifts in protistan communities dwelling on plant 
surfaces remains largely unexplored. 
Protis ts and their  distribution mechanisms 
Dispersal of unicellular eukaryotes in terrestrial environments is facilitated by dormant stages, 
i.e. resting cysts or spores (FOISSNER, 1987, 2006; VERNI & ROSATI, 2011). These can be carried 
over large distances by wind (WILKINSON, 2001), rain and fog (FINLAY, 2002), or animals and 
humans (REVILL ET AL., 1967; SCHLICHTING & SIDES, 1969; PERRIGO ET AL., 2012). Recent 
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studies on protistan diversity with taxon-specific primers allow for the first time a thorough 
recovery of the existing species richness in a habitat and indeed suggest a largely ubiquitous 
distribution within the same terrestrial ecosystem (FIORE-DONNO ET AL., 2018, 2019; DEGRUNE 
ET AL., 2019; JAUSS ET AL., 2020B). Considering the large surface area that trees extend into the 
atmosphere, the forest canopy may act as huge physical filter for airborne microorganisms and, 
after litter fall, may be conducive to their further spread into soils (JAUSS ET AL., 2021A). 
Accordingly, it may be suggested that colonization is largely driven by random dispersal, but 
because the canopy is subject to harsh and highly variable environmental conditions where only 
adapted species will successfully replicate and survive, we expect markedly distinct patterns of 
beta diversity instead of random community assembly throughout the seasons. Consequently, 
the composition of these communities will initially reflect the product of passive colonization, 
with persistence then selected by deterministic processes driven by biotic and abiotic factors 
(e.g. environmental filters). Moreover, the question arises whether protistan communities 
undergo further seasonal changes, forced by changing abiotic conditions and subsequent 
selective pressures, and/or by seasonal invasion of passively dispersed propagules. 
In this study, we investigated seasonal changes in protistan communities of structurally 
different ecological compartments (microhabitats) across the canopy of three autochthonous 
tree species in a temperate floodplain forest. Therefore, four samplings were conducted in two 
consecutive spring and autumn seasons, over a period of two years. We applied a MiSeq 
Illumina sequencing protocol using taxon-specific primers, which target the hypervariable V4 
region within the 18S rRNA gene of the protistan phyla Cercozoa and Endomyxa (Rhizaria) 
(FIORE-DONNO ET AL., 2020). Cercozoa are a highly diverse phylum, with many taxa 
encompassing a broad variety of functional traits (DUMACK ET AL., 2020B). Further, Cercozoa 
appear to contain well adapted phyllosphere taxa (PLOCH ET AL., 2016; DUMACK ET AL., 2017; 
FLUES ET AL., 2018), that withstand environmental extremes by quickly responding to 
fluctuating environmental conditions (HOLTZE ET AL., 2003; EKELUND ET AL., 2003). In 
particular, their ability to rapidly excyst, feed and multiply within short generation times 
(EKELUND, 1996; GLÜCKSMAN ET AL., 2010; FLUES ET AL., 2017), is a perfect adaptation to the 
highly fluctuating environmental conditions up in the tree canopies over the seasons. The 
phylum Endomyxa, which was only recently separated from Cercozoa (CAVALIER-SMITH ET 
AL., 2018), is of particular interest for comprising diverse plant parasites of economic 
importance (NEUHAUSER ET AL., 2014; BASS ET AL., 2019; DUMACK ET AL., 2020B).  
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We hypothesized that (I) cercozoan and endomyxan communities differ in their seasonal 
composition in tree canopies. (II) Functional diversity of communities differs spatially and 
temporally between different microhabitats. (III) Despite the presumption that tree canopies act 
as a filter for air-dispersed propagules, we expected highly distinct patterns of beta diversity to 
dominate over randomness in community assembly throughout all samplings. 
Material and Methods 
Sampling, DNA extraction and sequencing 
Environmental samples were collected during spring and autumn within a period of two years: 
October 2017 and 2018, and May 2018 and 2019. The sampling took place in cooperation with 
the Leipzig Canopy Crane Facility (LCC) in a temperate deciduous floodplain forest in Leipzig, 
Germany (51.3657 N, 12.3094 E). All samples were obtained and processed as described in 
JAUSS ET AL. (2020B). Briefly, seven different microhabitat compartments were sampled related 
to the canopy surface at 20-30m height: fresh leaves, deadwood, bark, arboreal soil and three 
cryptogamic epiphytes comprising lichen, and two moss species, Hypnum sp. and Orthotrichum 
sp. For comparison, two microhabitats on the ground (leaf litter layer and mineral soil 
underneath up at to 10 cm depth) were sampled. All microhabitat samples were taken with 
replicates at all four cardinal directions from three autochthonous tree species (Quercus robur, 
Tilia cordata and Fraxinus excelsior) with biological triplicates each. DNA extraction was done 
according to the manufacturer's protocol with the DNeasy PowerSoil kit (QIAGEN, Hilden, 
Germany). DNA concentration and quality were checked using a NanoDrop Spectrophotometer 
(NanoDrop Technologies, Wilmington, USA). For subsequent PCR amplification, all four 
replicates of each microhabitat per tree were pooled. Semi-nested PCRs with tagged group-
specific primers (FIORE-DONNO ET AL., 2020) and Illumina sequencing were performed as 
described in JAUSS ET AL. (2020B), the used primer and barcode combinations are provided in 
Supplementary Table S1 and S2. 
Sequence processing 
Sequence processing followed the pipeline described in FIORE-DONNO ET AL. (2020). Briefly, 
paired reads were assembled using MOTHUR v.39.5 (SCHLOSS ET AL., 2009) allowing no 
differences in the primer and the barcode sequences and no ambiguities. Next, assembled 
sequences smaller than 300bp and with an overlap less than 200bp were removed. The obtained 
sequences were checked for their quality and removal/cutting of low-quality reads were 
conducted with the default parameters. Afterwards, sequences were clustered into Operational 
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Taxonomic Units (OTUs) using VSEARCH (ROGNES ET AL., 2016) with abundance-based 
greedy clustering (agc) and a similarity threshold of 97%. Clusters represented by ≤0.005% 
(≤440 sequence reads) of the total number of reads were removed to mitigate sequencing noise 
due to errors during amplification and sequencing (FIORE-DONNO ET AL., 2018). Sequences 
were taxonomically assigned with the PR2 database (GUILLOU ET AL., 2013) using BLAST+ 
(CAMACHO ET AL., 2009) with an e-value of 1e-50, keeping only the best hit. Cercozoan and 
endomyxan sequences were aligned with a template provided in FIORE-DONNO ET AL. (2018) 
in MOTHUR. Chimeras were identified using UCHIME (EDGAR ET AL., 2011) as implemented 
in MOTHUR; chimeras and misaligned sequences were removed. 
To explore the sequencing depth of each sample per sampling period, the final OTU table was 
loaded into QIIME2 v2018.11 (BOLYEN ET AL., 2019). To discard samples suffering from 
shallow sequencing, a threshold for a minimum number of sequences per sample was 
determined for further analyses. The threshold was set as high as possible: at least five samples 
per microhabitat and 15 samples per tree species within each sampling period (≤7525 reads 
sample-1). 
Functional tra it assignment 
We classified the protistan OTUs according to their nutrition type into bacterivores, 
eukaryvores and omnivores (i.e. feeding on both, bacteria and eukaryotes) as in DUMACK ET 
AL. (2020B). The phytomyxean parasites, due to their peculiar life cycle, were considered 
separately. We assigned the nutrition types at the genus level (Supplementary Table S3). 
Statistical analyses 
All statistical analyses were conducted in R v3.5.3 (R CORE TEAM, 2019). Rarefaction curves 
were carried out with the iNEXT package (HSIEH ET AL., 2015) to determine if a higher 
sequencing depth would have revealed more diversity. Alpha diversity (i.e. Shannon diversity 
index) was calculated for each microhabitat per sampling season using the diversity function in 
the vegan package (OKSANEN ET AL., 2019). Pairwise differences were tested with ANOVA, 
differences between multiple means by subsequent Tukey’s HSD (function  HSD.test), as 
implemented in the argicolae package (DE MENDIBURU & YASEEN, 2020). Analysis of season 
correlated OTU abundances was performed with the DESeq2 package (LOVE ET AL., 2014) at 
the 1% significance level. 
In order to assess the main environmental factors responsible for differences in beta diversity, 
separately for canopy and ground (litter and mineral soil) samples, variance partitioning 
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analyses were carried out on the Hellinger-transformed table (function varpart in the vegan 
package); the explanatory variables that significantly explained variation in protistan 
community composition were determined by forward selection using the ordistep function in 
vegan. Non-metric multidimensional scaling (NMDS) on the Bray-Curtis dissimilarity matrix 
was performed to analyse beta diversity patterns between protistan communities detected across 
different microhabitats, tree species and sampling seasons (function metaMDS in the vegan 
package). A permutational multivariate analysis of variance (PERMANOVA, function adonis) 
was conducted to test if protistan communities differed between the microhabitats, tree species, 
as well as the seasons. The number of shared OTUs between different combinations of sampling 
periods was visualized using the UpSetR package (LEX ET AL., 2014; GEHLENBORG, 2019). 
Figures were plotted with the ggplot2 package (WICKHAM, 2016). Cercozoan and endomyxan 
diversity was illustrated using the Sankey diagram generator (http://sankeymatic.com/, 21 
March 2021, date last accessed). 
Results 
Sequencing results 
We obtained 783 genuine cercozoan and endomyxan OTUs from 324 ground and canopy 
microhabitat samples representing ca. 1.5 million filtered sequences per sampling period and 
6 157 731 high quality sequence reads in total (Supplementary Table S4). However, 34 samples 
(ca. 10%) were removed because the yield was not sufficient (≤7525 reads sample -1). The 
remaining 290 samples yielded on average 20 657 reads sample-1 (min. 7633, max 57 404, SD 
9521). The average number of OTUs was 780 ± 2, 781 ± 2 and 774 ± 2 per microhabitat, tree 
species and sampling period, respectively. In total 22% of the OTUs showed a sequence 
similarity of 97-100% to any known reference sequence (Figure 1 B). OTU001 occurred with 
exceptionally high read abundances in the canopy, being 18-fold higher than in the ground 
stratum (1 183 933 vs. 67 009 reads; ANOVA: F = 68.98, p < 0.001, Figure 1 A). This OTU001 
had 86.14% sequence similarity to a sequence of an undetermined glissomonad taxon (Figure 
1 A, Supplementary Table S5). 
Sequencing effort was sufficient for the majority of microhabitats in both autumn samplings, 
where the total OTU richness was reached after only ca. 200 000 sequences. In spring samples, 
however, rarefaction curves for several microhabitats did not reach a plateau, especially for the 
samples of fresh leaves (Supplementary Figure S1), suggesting that we underestimated the OTU 
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richness in this habitat. A database with OTU abundances, taxonomic and functional 
assignment is provided (Supplementary Table S3). 
Seasonal variation and 
spatial structuring 
Investigation into seasonality 
patterns of OTUs revealed 81 
OTUs with a higher frequency 
(p < 0.01) in one of the two 
different seasons (Figure 2). 
These comprised 54 OTUs in 
autumn, with 4 OTUs 
belonging to the phylum 
Endomyxa and 50 cercozoan OTUs. In spring, 27 distinct cercozoan OTUs were particularly 
abundant. OTU394, within the genus Rhogostoma, appeared to be the most temporarily 
abundant OTU in autumn, followed by OTU627 assigned to the genus Thaumatomonas and 
three endomyxan OTUs (OTU274, OTU230, OTU566) of which more than >96% of their reads 
were solely found in autumn 2017 (Supplementary Figure S2, Supplementary Table S6). The 
endomyxan OTUs were assigned to root parasites (Polymyxa betae, OTU274; Spongospora 
nasturtii, OTU230) in the order Plasmodiophorida and a vampyrellid (OTU566). Interestingly, 
these endomyxan OTUs were equally distributed across all canopy microhabitats and the 
Figure 1: Similarity of protistan reads and OTUs to the reference 
database. Only 37% of all reads (A) and 22% of all OTUs (B) 
were ≥97% similar to sequences within the PR² database. Read 
numbers of OTU001 (long bar in Figure 1 A) exceed more than 
one million reads in tree canopies. 
Figure 2: Analysis of season correlated OTUs. Investigation of autumn and spring communities re-
vealed 54 and 27 OTUs with predominance in autumn and spring samplings, respectively (p < 0.01). 
Pie charts on the top of the bars represent the relative proportion of each OTU either in the autumn 
(purple) or spring (green) season. 
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ground. In spring, Bodomorpha sp. (OTU429), was highly abundant together with OTUs 
assigned to the genus Thaumatomonas (OTU472), two different Euglypha OTUs (OTU670, 
OTU675) and one Paracercomonas sp. (OTU735). 
Alpha diversity of microhabitats showed similar patterns for both seasons (Supplementary 
Figure S3 A): fresh leaves and deadwood showed lower OTU richness, Shannon diversity and 
evenness as compared to bark and mosses (Orthotrichum sp., Hypnum sp.). On the ground, leaf 
litter contained lower OTU richness, Shannon diversity and evenness than the mineral soil in 
both seasons. Shannon diversity and evenness of canopy microhabitats did not change between 
seasons, with the exception of deadwood, which harboured a higher alpha diversity in autumn 
(Supplementary Figure S3 B). However, OTU richness of fresh leaves showed high variation 
in spring, and was significantly lower as compared to autumn. 
Variance partitioning showed 
that most variation in 
protistan communities was 
explained by microhabitat 
identity, with 31% and 18% 
variation explained in the 
ground and canopy stratum, 
respectively (Figure 3). Yet, a 
small, but significant 
proportion of variation 
accounted for differences 
between the two seasons 
(ground: 5%, canopy: 2%). Further, differences between tree species explained 2% of 
community variation in the ground stratum and 5% of community variation in tree canopies, 
respectively. However, communities of fresh leaves did not differ between tree species 
(PERMANOVA: R2 0.097, p = 0.087, Supplementary Table S7), while the seasonal effect in 
the litter layer was dependent on tree identity (PERMANOVA: R² 0.087, p = 0.041, 




Figure 3: Variance partitioning of cercozoan and endomyxan 
communities between season, mi-crohabitat and tree species, 
separately for ground (A) and canopy (B). Microhabitat identity 
always explained most variation, followed by differences between 
tree species and sampling season. The significance of particular 
effects was tested by forward selection and is indicated by 
asterisks (** = p < 0.01). 
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Differentiation of foliar communities  
Interestingly, cercozoan and endomyxan leaf 
litter communities were more similar to 
canopy communities than to the communities 
from the mineral soil directly underneath, 
especially in autumn 2017 and spring 2018 
(NMDS, Supplementary Figure S4). Beta 
diversity of protistan communities on fresh 
leaves changed markedly between spring and 
autumn: In spring, communities scaled closer 
to other canopy microhabitats, but they 
became completely distinct in autumn. 
Arboreal soil contained highly variable 
communities in all four sampling periods, ranging from communities very similar to those of 
bark and epiphytes to communities closely resembling the mineral soil communities below the 
litter layer. Highly significant seasonal differences in beta diversity could be detected across all 
microhabitats (Supplementary Table S7), however, almost 98% of OTUs were shared between 
all sampling periods (Supplementary Figure S5). Accordingly, differences in community 
composition were almost 
entirely based on temporal and 
spatial changes in the relative 
abundance of OTUs. A 
separate NMDS analysis of 
fresh leaves communities only 
showed highly distinct spring 
and autumn communities 
(Figure 4, PERMANOVA: R2 
0.149, p = 0.001). Foliar 
communities turned out to be 
highly variable in spring and, 
and furthermore differed 
between the two sampling 
periods (PERMANOVA: R2 
0.175, p = 0.025). In autumn 
Figure 4: Non-metric multidimensional scaling 
(NMDS) of Bray-Curtis dissimilarities of foliar 
communities among sampling periods. 
Cercozoan and endomyxan communities of fresh 
leaves where highly distinct between all four 
sampling periods, especially between the two 
seasons. The Stress value is shown in the lower 
right of the graph. 
 
Figure 5: Relative read abundances of functional groups per 
sampled microhabitat and sampling period. Functional diversity 
of autumn (A, C) and spring samples (B, D) did not differ between 
seasons. Whereas differences between the microhabitats were 
significant throughout all sampling periods: Bacterivores 
dominated, especially in tree canopies, whereas a higher 
proportion of omnivores and eukaryvores occurred on the 
ground. 
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communities the variation was much lower, but communities of both autumn samplings still 
showed significant differences (PERMANOVA: R2 0.216, p = 0.001), suggesting a variable 
outcome after the recurrent colonization of fresh leaves over the seasons. 
Functional diversity   
More than three-quarters of the cercozoan and endomyxan reads within the canopy were 
bacterivores (77 ± 9%), followed by omnivores (18 ± 7%), sequences of unknown nutrition 
type (4 ± 2%) and only very few eukaryvores (2 ± 1%) (Figure 5). Communities of ground 
microhabitats showed a relatively smaller proportion of bacterivores (55 ± 12%; ANOVA: F = 
31.09, p < 0.001) and more omnivores (26 ± 7%; ANOVA: F = 8.14, p < 0.01), as well as a 
greater share of eukaryvores (5 ± 2%; ANOVA: F = 49.87, p < 0.001) as compared to the 
canopy microhabitats. Plant parasites and parasites of other host organisms were only 
marginally present, on average <1%, except in autumn 2017, where soil communities contained 
2.4% of reads derived from parasitic taxa. Thus, most variation in protistan functional diversity 
was explained by differences between the microhabitats (PERMANOVA: R2 0.721, p = 0.001, 
Supplementary Table S8). However, differences between the two sampling seasons were not 
detected (PERMANOVA: R2 0.002, p = 0.802). 
Discussion 
This study aimed to identify seasonal changes in the community composition of Cercozoa and 
Endomyxa in tree canopies, over two consecutive years. A total number of 783 OTUs were 
detected in the temperate floodplain forest, which is 43% of the cercozoan OTU richness that 
FIORE-DONNO ET AL. (2020) retrieved with the same method from mineral soil of 150 different 
forest sites across Germany. The thorough recovery of the diversity, including even rare taxa 
due to the taxon-specific primers (FIORE-DONNO ET AL., 2018), enabled a direct comparison 
between protistan communities dwelling in different microhabitats within the forest canopies 
throughout both seasons. We showed that, in principle, all detected OTUs could be found across 
all microhabitats in every sampling period, but habitat diversity strongly favored distinct 
protistan taxa in terms of abundance, a pattern which was already described by JAUSS ET AL. 
(2020B). However, patterns of cercozoan and endomyxan beta diversity in tree canopies were 
strikingly divergent from communities detected on the ground, showing that distinct species 
dominated the different communities throughout all samplings. This was in particular true for 
a highly abundant glissomonad OTU (OTU001), with exceptionally higher relative abundance 
in the canopy compared to the ground stratum. 
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Seasonal variability of protists in tree  canopies  
Seasonality between spring and autumn explained 5% and 2% of the variation in beta diversity 
of ground and canopy communities, respectively (Figure 3). About 10% of protistan OTUs 
were specifically associated with either spring or autumn season (Figure 2). For example, a 
Rhogostoma sp. (OTU394), belonging to omnivorous thecate amoebae in the Cryomonadida, 
was temporally the most abundant taxon in autumn, while a bacterivorous Bodomorpha sp., 
from the order Glissomonadida, dominated in spring. Differences between spring and autumn 
communities were particularly evident on canopy leaves (Figure 4). In spring, beta diversity of 
fresh leaves still showed some overlap with other canopy microhabitats (Supplementary Figure 
S4). However, rarefaction curves of fresh leaves did not reach a plateau, and OTU richness 
appeared to be lower and showed higher variation (Supplementary Figure S1, S3 B), indicating 
high heterogeneity during initial colonization shortly after leaf emergence in spring, while the 
distinct separation of these communities in autumn indicates that specific foliar communities 
had established (Supplementary Figure S4). Furthermore, beta diversity of fresh leaves 
communities showed only a slight overlap between both autumn samplings, indicating variable 
outcomes of community assembly, likely driven by the prevailing seasonal factors; October 
2017 was an exceptionally warm and wet month, while October 2018 and the prior spring 
season were rather dry (DWD, 2017, 2018). However, in autumn 2017 and spring 2018, leaf 
litter communities appeared more similar to foliar communities in the canopy than to the 
underlying mineral soil communities (Supplementary Figure S4), suggesting that leaf litter still 
carries a signature of the preceding foliar community (JAUSS ET AL., 2020B). 
Our environmental sequencing method, based on ribosomal DNA, did not allow to distinguish 
between active protists and their resting or dispersal stages, but instead must be considered as 
an integrative long-term measure of taxa that replicated well and formed resting stages in 
respective microhabitats. The consistent differences in beta diversity between microhabitats 
indicate that well-adapted taxa accumulated and dominated over those that arrived as resting 
stages by passive dispersal throughout both seasons. This leads to functional differences 
between communities of spatially separated microhabitats (Figure 5). As almost 80% of the 
OTUs showed a similarity of less than 97% to any known sequence in the reference database, 
nutrition types can only be inferred from related taxa (DUMACK ET AL., 2020B). Our data 
confirm the existence of a substantial undescribed taxonomic diversity of Cercozoa, a dominant 
phylum of microbial eukaryotes in terrestrial ecosystems (SINGER ET AL., 2021). 
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Taxonomical and functional diversity  
The majority of the 783 OTUs could be assigned to the phylum Cercozoa (97%), the remaining 
to Endomyxa (3%) and to the incertae sedis Novel clade 10 (Tremulida <1%) (Supplementary 
Figure S6). With 753 OTUs cercozoan diversity was in line with previous studies, which 
recognized Sarcomonadea (Glissomonadida and Cercomonadida) as the dominant class in 
terrestrial habitats (GEISEN ET AL., 2015B; HARDER ET AL., 2016; PLOCH ET AL., 2016; FIORE-
DONNO ET AL., 2018, 2020). Especially the small and bacterivorous flagellates in the order 
Glissomonadida dominated in all canopy microhabitats throughout all four sampling periods 
(Figure 1, 5, Supplementary Figure S7). The Sarcomonadea were followed by the mainly 
omnivorous testate amoebae within the orders Euglyphida and Cryomonadida. These 
omnivores feed on both, bacteria and small eukaryotes, such as yeasts, algae and other protists 
(DUMACK ET AL., 2020B). While bacteria appeared as an essential food source in tree canopies, 
cercozoan communities of litter and mineral soil were characterized by a distinctively higher 
proportion of eukaryvores, which was mostly related to higher relative read numbers of 
vampyrellid amoebae that feed on a wide range of soil eukaryotes, including fungal mycelia 
and spores, algae, as well as nematodes (ANDERSON & PATRICK, 1980; PAKZAD & SCHLÖSSER, 
1998; HESS ET AL., 2012). Our findings reflect the results of FIORE-DONNO ET AL. (2020), who 
found a high proportion of vampyrellids, but almost no other Endomyxa in mineral soil samples 
of diverse forests in different regions across Germany. In addition, reads derived from taxa of 
so far undetermined nutrition type were enriched in litter and soil compared to canopy samples 
(Figure 5), reflecting a larger proportion of unknown diversity within microeukaryote food 
webs on the ground than in the physically harsh environment of the tree crown. 
Most variation in cercozoan and endomyxan functional diversity was explained by microhabitat 
identity, whereas seasonal shifts were not detected. However, seasonal differences can be 
presumed when taking taxonomically assigned relative read abundances into account 
(Supplementary Figure S7). One explanation for this observation could be that the abundance 
of less dominant orders was more variable between the microhabitats and seasons. But since 
some functional traits, especially food preferences are still understudied, a measurable 
proportion of reads could not be assigned to any nutrition type (ground: 12 ± 7%, canopy: 4 ± 
2%). 
Forest canopies as filters of potentia l plant pathogens  
Distribution of endomyxan plant parasites appears spatially restricted and is likely related to 
their host plants. FIORE-DONNO ET AL. (2020) found diverse and abundant endomyxan plant 
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parasites in grassland soils, but not at all in soils of nearby forests. We, however, found two 
temporally abundant OTUs among autumn communities which could be assigned to the root 
pathogens Spongospora nasturtii and Polymyxa betae (Phytomyxea: Plasmodiophorida, Figure 
2). S. nasturtii is an obligate biotrophic root pathogen of watercress (Nasturtium officinale), a 
common herb of river banks in floodplain forests (DOWN ET AL., 2002); whereas, P. betae is an 
obligate root parasite in beet roots (TAMADA & ASHER, 2016). Although its potential host range 
also includes Chenopodiaceae, Caryophyllaceae and Papaveraceae, (BARR & ASHER, 1992; 
NEUHAUSER ET AL., 2014), none of these host plants occurred in the sampled floodplain forest. 
The ubiquitous distribution of these two endomyxan root pathogens among protists detected in 
tree crowns, litter and soil in autumn samples (Supplementary Figure S2) reflects the complex 
life cycle of these taxa with distribution via sporangia in autumn (BARR & ASHER, 1996). The 
high potential of air dispersal of protistan propagules, was recently emphasized by JAUSS ET AL. 
(2021A) and together with our results it indeed appears that tree canopies may play an important 
role as physical filters of plant pathogenic microbial propagules that may partly prevent their 
further spread to the environment. 
Conclusion 
Investigating two important protistan lineages, Cercozoa and Endomyxa, over a period of two 
years revealed strong differences in community composition across canopy and soil 
microhabitats, and a small, but significant fraction of recurrent seasonal variability of these 
communities. We observed lower beta diversity of canopy communities in spring compared to 
autumn. Especially foliar communities changed during the aging of leaves, emphasizing the 
effect of phenology during community assembly. One particular glissomonadid OTU was 
identified as a clear canopy specialist, while high read numbers of root parasitic phytomyxean 
OTUs in tree canopies during autumn indicate an important role of the canopy surface as a 
physical barrier for air-dispersed protistan pant pathogens. In two consecutive seasons, leaf 
litter communities showed more similarity to foliar canopy communities than to those of the 
soil directly underneath. This indicates that communities colonizing the foliar surface leave a 
legacy in the litter layer on the forest floor. The litter, however, becomes strongly enriched in 
omnivores and eukaryvores relative to bacterivores dominating in the canopy. Overall, the 
described diversity of Cercozoa and Endomyxa in this study is just one striking example among 
dozens of microbial eukaryote phyla whose canopy inhabitants still await discovery. 
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Oomycetes (Stramenopiles, protists) are among the most severe plant pathogens, comprising 
species with a high economic and ecologic impact on forest ecosystems. Their diversity and 
community structures are well studied in terrestrial habitats, but tree canopies as huge and 
diverse habitats have been widely neglected. A recent study highlighted distinct oomycete 
communities in the canopy stratum compared to the ground region of three temperate deciduous 
trees (Quercus robur, Tilia cordata, Fraxinus excelsior). While the communities from the two 
strata were distinct when taking oomycete abundances into account, they were rather similar 
when only OTU presence/absence was considered. It remains however unknown if this 
homogeneity in the OTU presence also leads to a functional homogenisation among 
microhabitats within the two strata ground and canopy. In this study, we supplemented 
functional traits to oomycete communities in the tree microhabitats, which were determined 
over a time period of two years with a metabarcoding approach. Our results showed that even 
though most oomycetes occurred in all microhabitats, a strong discrepancy between the strata 
and correspondingly the distribution of oomycete lifestyles could be observed. This pattern was 
constant over several seasons. Obligate biotrophic species, exclusively feeding on living host 
tissue, dominated the canopy region, implying tree canopies to be a hitherto neglected reservoir 
for parasitic protists. OTUs assigned to the genus Hyaloperonospora – parasites highly 
specialised on hosts that were not sampled – could be determined in high abundances in the 
canopy and the surrounding air, challenging the strict host dependencies ruled for some 
oomycetes. Our findings further contribute to the understanding of oomycete ecosystem 
functioning in forest ecosystems. 
Introduction 
Some of the most devastating plant pathogens with worldwide economic and ecologic relevance 
belong to the Oomycota, protists in the Stramenopiles within the SAR superkingdom (ADL ET 
AL., 2019). They comprise several distinct orders, i.a. the Pythiales, Peronosporales and 
Saprolegniales (MARANO ET AL., 2014) and occupy ecologically important positions as 
saprotrophs and severe pathogens. The infamous oomycete Phytophthora infestans causes one 
of the most destructive plant diseases, the potato late blight, and initiated the great Irish famine 
in the late 1840’s with a million deaths and massive emigration (MIZUBUTI & FRY, 2006). The 
ecological and economic impact of oomycetes has led to an increased research interest on their 
community structure (RIIT ET AL., 2016; SINGER ET AL., 2016; JAUSS ET AL., 2020B, 2020A; 
FIORE-DONNO & BONKOWSKI, 2021; MARČIULYNIENĖ ET AL., 2021), and, correspondingly, 
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their pathogenicity and infection strategies (RIZZO & GARBELOTTO, 2003; RIZZO ET AL., 2005; 
THINES & KAMOUN, 2010).  
Three lifestyles are described for oomycetes: Saprotrophic species are free-living and feed on 
dead and decaying matter (LEWIS, 1973). They occupy key roles in the trophic upgrading of 
terrestrial, marine and freshwater habitats (MARANO ET AL., 2016). Saprotrophy is believed to 
be the ancestral state of oomycete nutrition (F. MARTIN ET AL., 2016; SPANU & PANSTRUGA, 
2017), while the majority of currently described oomycetes are plant pathogens (THINES & 
KAMOUN, 2010). The pathogenic lifestyles include hemibiotrophy and obligate biotrophy. 
Hemibiotrophy is a common strategy for many Phytophthora species and is characterised by 
an initial biotrophic phase later turning into a necrotrophic phase after the death of the host 
(FAWKE ET AL., 2015; PANDARANAYAKA ET AL., 2019). Obligate biotrophs comprise species 
exclusively feeding on living host tissue (SPANU & KÄMPER, 2010), a common strategy for 
downy mildews. Even though obligate biotrophic species usually do not actively kill their host, 
they still damage the host by inducing chlorosis, inflorescence or the killing of seedlings, and 
thus cause severe economic losses (PARKUNAN ET AL., 2013; KRSTESKA ET AL., 2014; KAMOUN 
ET AL., 2015).  
Oomycete communities are well studied in terrestrial habitats, however, most studies focus on 
soil and the rhizosphere (ARCATE ET AL., 2006; ESMAEILI TAHERI ET AL., 2017; SAPP ET AL., 
2019; FIORE-DONNO & BONKOWSKI, 2021). Recently, JAUSS ET AL. (2020B) characterised 
oomycete diversity and community composition in tree canopies, which are huge ecosystems 
containing heterogeneous microhabitats and a large proportion of undescribed diversity 
(NADKARNI, 2001). Albeit the same oomycetes were present on the ground and in the canopy, 
communities inhabiting canopy habitats were significantly distinct from those from soil and 
leaf litter in their abundances. The authors concluded that oomycete diversity in forest 
ecosystems is shaped by deterministic microhabitat filtering, while a study by JAUSS ET AL. 
(2020A) could determine air dispersal and convective transport to be the stochastic supplier and 
distributor of oomycetes among all microhabitats and the ground and canopy strata. However, 
the former study only analysed one time point, while the latter study that included air samples 
could show a strong temporal variability in community composition. Accordingly, several 
studies have shown that seasonal variability can influence protistan communities, to some 
extent (NOLTE ET AL., 2010; FIORE-DONNO ET AL., 2019; FOURNIER ET AL., 2020; WALDEN ET 
AL., 2021). For cercozoan communities, WALDEN ET AL. (2021) could show annually 
reoccurring succession patterns in the phyllosphere. This implied not only spatially, but also 
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seasonally structured cercozoan communities in tree canopies, although this was not reflected 
on a functional scale. Whether seasonal variation is also reflected in the functional diversity of 
oomycetes in forest ecosystems remains elusive.  
Accordingly, we supplemented functional traits and investigated the seasonal stability of 
oomycete community composition in forest floors and tree canopies over a period of two years. 
Our study tackles two hypotheses: (1) Oomycete communities vary not only in their spatial 
distribution, but also in their seasonal composition, and (2) the deterministic processes leading 
to differences in community composition between canopy and ground habitats also shape the 
functional diversity and functional distribution among microhabitats. 
Material & Methods 
Sampling, DNA extraction and sequencing 
Microhabitat samples were collected in two seasons over a period of two years, i.e. autumn 
(October) 2017 and 2018 and spring (May) 2018 and 2019 in cooperation with the Leipzig 
Canopy Crane (LCC) Facility in a temperate deciduous floodplain forest in Leipzig, Germany 
(51.3657 N, 12.3094 E). Samples were obtained and processed as described in JAUSS ET AL. 
(2020B). Briefly, samples were obtained in two strata: ground and canopy. Seven microbial 
microhabitat compartments related to tree surface were sampled in the canopy at 20-30m 
height: Fresh leaves, dead wood, bark, arboreal soil and three cryptogam epiphytes (lichen and 
two moss genera, Hypnum and Orthotrichum). In addition, two ground samples (soil and leaf 
litter) were sampled. All microhabitat samples were collected with four replicates from all 
cardinal directions from three tree species (Quercus robur, Tilia cordata, Fraxinus excelsior) 
with three individuals per tree species in the same forest stand. DNA extraction was performed 
with the DNeasy PowerSoil kit (QIAGEN, Hilden, Germany) according to the manufacturer's 
instruction. This procedure was performed on four sampling dates: October 2017 (JAUSS ET AL., 
2020B), May 2018, October 2018 and May 2019 (this study). On all four sampling dates, the 
same trees and microhabitats were sampled. Oomycete-specific PCRs and sequencing were 
performed as described in JAUSS ET AL. (2020B). Briefly, tagged oomycete-specific primers 
designed by Fiore-Donno & Bonkowski (2021) were used to amplify the ITS1 region in a semi-
nested approach. The thermal program for both PCRs started with a denaturation step at 95°C 
for 2 min, followed by 24 cycles at 95°C for 30 s, 58°C for 30 s, 72°C for 30 s; and a final 
extension step at 72°C for 5 min. The following final concentrations were used: DreamTaq 
polymerase (Thermo Fisher Scientific, Dreieich, Germany) 0.01 units, Thermo Scientific 
DreamTaq Green Buffer, dNTPs 0.2 mM and primers 1 μM with 1µl of DNA template. 
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Sequencing was performed on an Illumina MiSeq Sequencer (Illumina Inc., San Diego, CA, 
USA) with a V2 reagent kit of 500 cycles (ca. 250bp); the primer tag combinations are provided 
in Supplementary Table 1. 
Sequence processing 
Sequence processing and bioinformatics analyses were performed using the pipeline described 
in JAUSS ET AL. (2020B). Briefly, raw reads were merged using VSEARCH v2.10.3 (ROGNES 
ET AL., 2016) and demultiplexed with cutadapt v1.18 (M. MARTIN, 2011). Primer and tag 
sequences were trimmed and concatenated sequencing runs were then clustered into operational 
taxonomic units (OTUs) using Swarm v2.2.2 (MAHÉ ET AL., 2015). Chimeras were de novo 
detected using VSEARCH. OTUs were removed from the final OTU table if one of the 
following criteria was fulfilled: flagged as chimeric, had a quality value of less than 0.0002, 
were shorter than 150bp, or were represented by less than 0.005% of all reads (i.e. 368 reads). 
OTUs were first taxonomically assigned by using BLAST+ v2.9.0 (CAMACHO ET AL., 2009) 
with default parameters against the non-redundant NCBI Nucleotide database (as of June 2019) 
and removed if the best hit in terms of bitscore was a non-oomycete sequence. Finer taxonomic 
assignment was performed with VSEARCH on a custom oomycete ITS1 database (JAUSS ET 
AL., 2020B). The annotation was refined by assigning the species name of the best VSEARCH 
hit to the corresponding OTU if the pairwise identity was over 95%. OTUs with lower pairwise 
identity were assigned to higher taxonomic levels. Functional annotation was performed on 
genus level with a custom python script, based on the oomycete functional database published 
by Fiore-Donno & Bonkowski (2021). Samples with low sequencing depth were removed by 
loading the final OTU table into QIIME 2 v2018.11 (BOLYEN ET AL., 2019) and retaining at 
least five samples per microhabitat and 15 samples per tree species per sampling date, i.e. 
samples with at least 1172 reads were retained. Additionally, the oomycete OTU abundance 
matrix of air samples from JAUSS ET AL. (2020A) was used for a comparison between tree related 
microhabitats and the surrounding air from spring 2019. These air samples were obtained from 
the same trees sampled in this study, drawing the air surrounding the canopy and ground region 
with a bioaerosol sampler. DNA was then extracted from the air samples and amplified with 
the same oomycete-specific primers. The final OTU abundance table allows a direct 
comparison of oomycetes present in air samples from JAUSS ET AL. (2020A) and the oomycetes 
dwelling the canopy and ground habitats in this study.  
 




All statistical analyses were conducted in R v3.5.3 (R CORE TEAM, 2019). Alpha diversity 
indices were calculated for each sample using the diversity function in the vegan package 
(OKSANEN ET AL., 2019). Non-metric multidimensional scaling was performed on the Bray-
Curtis dissimilarity matrix of the log transformed relative abundances (functions vegdist and 
metaMDS in the vegan package, respectively), the same matrix was used for a permutational 
multivariate analysis of variance (permANOVA) with the adonis function. Partitioning and 
visualisation of relative abundances between concatenated canopy microhabitats, soil and leaf 
litter was performed with the ggtern package (HAMILTON & FERRY, 2018). Determination of 
significantly differentially abundant OTUs was performed with the DESeq2 package (LOVE ET 
AL., 2014), which measures the differential abundance as the logarithmic fold change 
(log2FoldChange) based on negative binomial distribution count models. All figures were 
plotted with the ggplot2 package (WICKHAM, 2016). 
Results 
Taxonomic and functional annotation  
We obtained 375 OTUs from 4,262,960 sequences. A total of 77 OTUs (= 20.5% of all OTUs) 
showed a sequence similarity of less than 70% to any known reference sequence. Plotting the 
sequence similarity against reference sequences revealed similar patterns to those previously 
described by JAUSS ET AL. (2020B), i.e., many OTUs showed a similarity of 97-100% to known 
reference sequences, while additional peaks at ~75% and ~85% may indicate hitherto 
undescribed oomycete lineages (Supplementary Figure 1).  
Peronosporales and Pythiales dominated all microhabitats at all sampling events. In particular, 
OTUs assigned to the genus Hyaloperonospora showed a high relative abundance within the 
Peronosporales in canopy habitats (Supplementary Figure 2). Distribution of functional groups 
was relatively constant for all four sampling events (Figure 1). Based on OTU 
presence/absence, the pattern was nearly identical for all microhabitats Figure 1A-D). 
Approximately 20% of all OTUs occupied a hemibiotrophic lifestyle, 30% were determined to 
be obligate biotrophic, and only few OTUs belonged to saprotrophic species. The lifestyle of 
the remaining 50% of OTUs could not be determined, mainly due to low sequence similarities 
to reference sequences. However, when taking abundances of OTUs into account, the pattern 
clearly shifted. OTUs assigned to obligate biotrophic species dominated canopy habitats, while 
ground habitats were more dominated by hemibiotrophic species (Figure 1E-H, Supplementary 
Table 2).  




Figure 1: Functional annotation of oomycete OTUs in canopy and ground habitats. (A–D) Distribution 
of functional groups based on OTU presence/absence, i.e., the proportion of OTUs per Lifestyle. (E–H) 
Distribution of functional groups when taking abundances into account. A, Arboreal Soil; B, Bark; D, 
Deadwood; F, Fresh Leaves; H, Hypnum; Li, Lichen; O, Orthotrichum; S, Soil; LL, Leaf Litter. 
 
Comparing the data from Spring 2019 (Figure 
1D,H) with air samples previously published 
by JAUSS ET AL. (2020A) (Figure 2) revealed 
that the air surrounding canopy and ground 
habitats was dominated by obligate 




Figure 2: Functional annotation of oomycete 
OTUs from Spring 2019. Microhabitat samples 
based on OTU presence/absence (A) and OTU 
abundances (C) compared to air samples based 
on OTU presence/absence (B) and OTU 
abundances (D). For microhabitat abbreviations, 
see Figure 1. 




To further determine the 
distribution of functional 
groups together with the 
taxonomic annotation, the 
relative abundances of each 
OTU were partitioned for 
concatenated canopy habitats, 
soil, and leaf litter samples 
(Figure 3). Again, OTUs 
assigned to obligate 
biotrophic species dominated 
canopy samples, while 
hemibiotrophic species were 
more evenly distributed or 
more abundant in leaf litter 
and soil habitats. Albuginales 
were almost exclusively 
present in canopy samples, 
Peronosporales dominated 
canopy and leaf litter samples, while Pythiales showed a rather even distribution.  
The relative abundances of the latter two orders were further partitioned into the four sampling 
events (Supplementary Figure 3). Abundances of Pythiales were rather homogenous and 
consistent throughout the seasons, while Peronosporales abundances were more shifted to the 
canopy region in spring samples. In Autumn 2017, OTUs assigned to the Peronosporales were 
almost exclusively present in canopy and leaf litter samples, while the distribution in Autumn 
2018 was more homogenous. 
To determine which OTU abundances were significantly different between the two strata 
ground and canopy as well as the two sampling seasons spring and autumn, a differential 
abundance analysis was carried out (Figure 4, Supplementary Figure 4). Within the 
Peronosporales, this revealed the genera Peronospora and Hyaloperonospora (obligate 
biotrophic genera) to be the dominant taxa in canopy samples, while Phytophthora 
(hemibiotrophic) species were significantly differentially abundant in ground samples (Figure 
Figure 3: Ternary plot partitioning the relative abundances of 
OTUs between canopy, soil and leaf litter. Each dot represents 
one OTU, sorted by taxonomic order and coloured by lifestyle. 
Incertae sedis comprises families and genera not associated with 
any order, e.g., Lagenaceae or Paralagenidium. The order 
Undetermined represents OTUs with sequence similarities of less 
than 70% to any reference sequence. 
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4). For the seasonal effect, more Peronospora species were differentially abundant in spring 
samples compared to autumn samples (Supplementary Figure 4). Within the Pythiales, the 
genera Pythium (hemibiotrophic) and Globisporangium (obligate biotrophic) were significantly 
differentially abundant in ground samples. Most Pythiales, however, could not be determined 
due to the low sequence similarity to reference sequences. 
Figure 4: Differential abundance analysis between the two strata canopy (top panels) and ground 
(bottom panels) sorted by taxonomic order. Each dot represents one significantly differentially 
abundant OTU grouped by genus. Y-axis (log2FoldChange) gives the measurement of the differential 
abundance. 
Alpha and beta diversity  
Despite OTU richness being 
quite variable among 
microhabitats, Shannon 
diversity as well as evenness 
were high and did not differ 
between the samplings 
(Supplementary Figure 5). 
Beta diversity analyses 
revealed similar patterns for 
all seasons as well: the NMDS 
plot (Figure 5) showed a large 
overlap of canopy inhabiting 
communities, which in turn 
did not overlap with leaf litter 
Figure 5: Non-metric multidimensional scaling (NMDS) 
ordination of Bray-Curtis dissimilarity matrices for canopy and 
ground microhabitats. Canopy microhabitat communities show a 
large overlap along all sampling events. Ground habitat 
communities are strongly separated, indicating unique exclusive 
communities compared to the canopy region, irrespective of the 
sampling season. 
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and soil communities. This indicated distinct communities inhabiting canopy and ground 
habitats, respectively, a pattern recurring in all samplings.  
Variation in community composition was 
twice as high among microhabitats (R²=0.20) 
than between canopy and ground (R²=0.11) or 
sampling dates (R²=0.10). Tree species 
(R²=0.05) and season (R²=0.04) explained 
only a minor fraction of beta diversity 
(permANOVA, Table 1). 
Discussion 
The most striking pattern of oomycete community composition is the distribution of obligate 
biotrophic and hemibiotrophic species, with the former dominating canopy habitats and the 
latter predominantly found in ground habitats (Figure 1). In a previous study, JAUSS ET AL. 
(2020B) proposed increasing functional diversity instead of increasing species richness with 
increasing habitat diversity, as most OTUs were shared between all habitats irrespective of 
specific strata or tree species. Here we supplemented functional traits of the detected OTUs, 
which revealed that the observed diversity is driven by the lifestyle of the oomycetes. Species 
occupying a hemibiotrophic lifestyle dominated the two ground habitats soil and leaf litter. 
Hemibiotrophy is characterised by an initial biotrophic phase, which turns into a necrotrophic 
phase (FAWKE ET AL., 2015; PANDARANAYAKA ET AL., 2019). Oomycetes dwelling the ground 
habitats are thus capable of feeding on the dead organic matter in the soil, leaf litter and 
deadwood samples. Deadwood on the forest floor has already been shown to harbour 
hemibiotrophic oomycetes (Kwaśna et al. 2017a; 2017b). In the canopy, however, deadwood 
harboured only a limited amount of hemibiotrophic species, as they were dominated by obligate 
biotrophic species, like the other canopy habitats. The reason for this might be the high number 
of obligate biotrophs in the other surrounding canopy habitats as well as in the air (Figure 2). 
These samples might be overwhelmed by the passive influx of biotrophic species, which are 
capable of surviving in the other, living, habitats. This would be an interplay between stochastic 
and deterministic processes for community assembly.  
Recent molecular studies analysing oomycete diversity determined patterns similar to those 
reflected in our study, i.e. soil habitats are dominated by hemibiotrophic species, mostly 
members of the Pythiales (SAPKOTA & NICOLAISEN, 2015; RIIT ET AL., 2016; FIORE-DONNO & 
BONKOWSKI, 2021). Species of the genus Pythium were significantly differentially abundant in 
Table 1: Results of permutational multivariate 
analysis of variance (permANOVA) from the 
adonis function. 
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the sampled ground habitats. Habitats in the canopy, however, were dominated by the obligate 
biotrophic genera Peronospora and Hyaloperonospora (Figure 4, Supplementary Figure 2). 
Tree canopies have only recently been subject to studies on microbial diversity (JAUSS ET AL., 
2020A, 2020B; WALDEN ET AL., 2021; HERRMANN ET AL., 2021), indicating that tree canopies 
have been a so far neglected reservoir for parasitic microorganisms. Species of the genus 
Hyaloperonospora are known to be highly host-specific, infecting plant species of Brassicaceae 
and closely related families (Lee et al., 2017 and references therein). However, none of our 
sampled trees and microhabitats belong to the family Brassicaceae or the order Brassicales. 
Yet, we observed a high number of reads and OTUs assigned to the genus Hyaloperonospora 
in the microhabitat samples in the canopy as well as in the air samples in both strata, while their 
number in ground microhabitats was significantly depleted (Figure 4). This indicates a non-
random distribution of Hyaloperonospora species, as the air as a distribution mechanism should 
lead to a more or less equal distribution in canopy and ground habitats. Due to their high host 
specificity, these species should not have survived in these habitats, which however might also 
be owned to the comparatively poor description of oomycete tree pathogens. Their dominance 
in canopy samples implies a capability of survival on hosts they are not specialised on. Thus, 
we tentatively propose an even less strict host dependency for the genus Hyaloperonospora 
than previously suggested (YERKES & SHAW, 1959; MCMEEKIN, 1960; DICKINSON & 
GREENHALGH, 1977).  
The significant differential abundance in the canopy of several undetermined OTUs that can 
only be assigned to the family Pythiaceae (Figure 4) indicates hitherto undescribed lineages, 
specialised on the survival in the canopy. Members of the Pythiaceae can occupy all lifestyles, 
from saprotrophy over hemibiotrophy to obligate biotrophy (FAWKE ET AL., 2015; MARANO ET 
AL., 2016; FIORE-DONNO & BONKOWSKI, 2021). If the OTUs in the canopy would show an 
obligate biotrophic lifestyle, it would be in line with observations of the other lineages in the 
canopy (Figure 1). Yet, these OTUs had a sequence similarity of only ca 80-85% to any 
reference sequence, thus we only tentatively draw conclusions about their lifestyle. 
A common pattern in microbial community ecology studies is a high seasonal variability  
(NOLTE ET AL., 2010; FIORE-DONNO ET AL., 2019; FOURNIER ET AL., 2020; WALDEN ET AL., 
2021). Oomycete community compositions were in fact slightly, yet significantly distinct for 
every sampling and correspondingly for every season (Table 1). This pattern is in line with 
hypotheses proposed by JAUSS ET AL. (2020A), that seasonal variation in air samples drives the 
community composition in forest ecosystems. The environment, however, then selects the 
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species most adapted to the microhabitat, leading to overall similar community patterns and 
microhabitat differences for every season (Figure 5). The seasonal changes in microhabitat 
properties (e.g. temperature, moisture or habitat structure) thus affect all habitats and 
communities equally. The season itself explained less variance in community composition than 
the sampling dates (i.e., Autumn 2017 vs. Autumn 2018 etc.; Table 1), suggesting that annual 
changes do not lead to similar community structures within microhabitats in each season as an 
annual cycle per se, but rather indicate a high temporal variability while preserving spatial 
diversity. FOURNIER ET AL. (2020) observed similar patterns, concluding deterministic niche-
based processes in microbial forest soil community assembly. Implications are that ecosystem 
functioning of oomycete communities is not mainly affected by seasonal fluctuations, but rather 
by microhabitat identity and, correspondingly, responses of lifestyle to microhabitat filtering 
(FIORE-DONNO & BONKOWSKI, 2021).  
Conclusion 
Both our hypotheses were confirmed in this study: Oomycetes show not only a spatial, but also, 
to a lesser extent, a temporal variation in their communities. Within the temporal variation 
however, the spatial variation is preserved, leading to overall similar community patterns for 
every sampling date. Further, these deterministic processes also shape their functional diversity 
in forest ecosystems. Our results indicate that tree canopies not only offer numerous distinct 
habitats to microorganisms, but also serve as a reservoir for parasitic species. Spatial diversity 
and correspondingly functional diversity drive the oomycete community to a greater extent than 
temporal diversity. Thus, our findings contribute to future studies on oomycete ecosystem 
functioning. 
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Tropical rainforests are the biodiversity hotspots among the world's ecosystems, containing far 
higher numbers of species on a per-area basis relative to any other terrestrial ecosystem. 
Especially, tropical forest canopies harbour a vast diversity of multicellular organisms, but it is 
still little explored if microorganisms, i.e. protists, reflect similar diversity patterns compared 
to temperate zones. In this study we investigated protistan diversity of autochthonous tree 
species in a tropical rainforest in the northeast of Papua New Guinea. We applied a barcoding 
approach using group specific primers for an extensive assessment of the diversity of Cercozoa 
(Rhizaria) and Oomycota (Stramenopiles) across forest soils and the canopy region. Together 
our results indicate taxonomically distinct communities representing different functional traits 
to inhabit the investigated canopy and ground strata. Palaeotropical trees harboured 652 and 
283 OTUs for Cercozoa and Oomycota, respectively. In Cercozoa most taxa detected in this 
study corresponded to taxa known from temperate zones, only 7% of OTUs could not be 
assigned to any known order. However, in Oomycetes, approximately 50% of all OTUs showed 
a sequence similarity of less than 70% to any reference sequence. Co-occurrence analyses of 
these undetermined OTUs tentatively assigned possible ecological niches on the base of 
significant correlations with well-studied taxa. Overall, our results show that palaeotropical 
forest canopies indeed still contain a substantial unknown diversity of microbial eukaryotes.  
Introduction 
Tropical tree  canopies –  Introducing a blackbox of environmental sequencing  
On a global scale, more than 3 trillion trees exist on earth with 43% in tropical and subtropical 
regions and 22% in temperate biomes (CROWTHER ET AL., 2015). Tropical rainforests contain 
far higher numbers of animal and plant species on a per-area basis relative to any ecosystem 
known from subtropical, temperate, and boreal biomes. Defined as the "the aggregate of all 
crowns in a stand of vegetation, which is the combination of all foliage, twigs, fine branches, 
epiphytes as well as the interstices in a forest" (NADKARNI, 1994), forest canopies are 
characterized by an exceptional habitat heterogeneity, which was most probably conducive to 
the evolution of a multitude multicellular organisms, especially in tropical biomes, due to the 
increased number of aboveground microhabitats.  
Termed as “the last biotic frontier” by ERWIN (1983), tropical forest canopies still represent a 
blackbox within molecular diversity studies of microorganisms, particularly given the rapid 
technological progress in advanced environmental sequencing tools. Hence, it is still little 
explored if eukaryotic microorganisms, i.e. protists, reflect similar diversity patterns in tropical 
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tree canopies compared to macroorganisms, and their microorganismic counterparts in 
temperate zones (JAUSS ET AL., 2020B, 2021B; WALDEN ET AL., 2021). 
Microbial diversity in tropical tree canopies –  A morphological approach 
Former studies on tropical forest canopies recognized epiphytes to contribute to >25% of plant 
species richness (KÜPER ET AL., 2004), accumulating with up to 44 t/ha large amounts of humus 
(i.e. arboreal soil) (HOFSTEDE & WOLF, 1993). It is therefore not surprising that the majority of 
nematode taxa in a rainforest of Costa Rica was found on trees and not on the forest floor 
(POWERS ET AL., 2009). In a morphology-based comparative study of heterotrophic protists 
from arboreal soils, ground soils and litter sampled within a neotropical rainforest, 115 out of 
a total of 127 amoebae morphospecies (Amoebozoa and Cercozoa) were detected in the 
aboveground soils (BAMFORTH, 2007). Moreover, 50 out of 80 ciliate morphospecies were 
identified in the aboveground soils. In addition, some detailed taxonomic informations on 
epiphyte-dwelling protists have been documented at the morphospecies level for ciliate and 
flagellate communities (FOISSNER, 2003; DUARTE ET AL., 2013; BUOSI ET AL., 2014; DURÁN-
RAMÍREZ ET AL., 2015). However, molecular studies on protistan diversity uncovered a 
remarkably high cryptic diversity within morphologically defined taxa (FENCHEL, 2005; 
KOSAKYAN ET AL., 2012; ŠKALOUD & RINDI, 2013). The term ‘cryptic species’ is used for 
morphologically indistinguishable taxa, which are often identified only by DNA barcoding 
(HEBERT ET AL., 2004). These complexes of cryptic species may have diverged only recently 
and not yet have become morphologically distinct, or they are already distantly related but 
converged in morphological traits (STRUCK ET AL., 2018; FIŠER ET AL., 2018). But since the 
species concept is the cornerstone of diversity studies, comprehensive molecular studies 
unravelling protistan hidden diversity are essential in order to acquire a complete picture 
regarding their diversity patterns and associated processes. 
Microbial hyperdiversity in neotropical soils  
A recent metabarcoding study with general eukaryotic primers by MAHÉ ET AL. (2017) on the 
protistan diversity in soils of neotropical rainforests (Costa Rica, Panama and Ecuador) detected 
hyperdiversity patterns and highly heterogeneous protistan communities within the same forest. 
Further, parasitic taxa of the phylum Apicomplexa, which infect arthropods and other animals, 
were dominating across all soil samples. These dominating parasites were suggested to 
potentially contribute to the high animal diversity in the forests by reducing population growth 
in a density-dependent manner. By contrast, for the prominent plant parasitic Oomycota 
comparatively few OTUs were detected in the soils – an observation, which was contrary to the 
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presumption that Oomycota have been thought to be one major driver of hyperdiversity in tree 
species in the tropics (FRECKLETON & LEWIS, 2006). Instead, the monophyletic, highly diverse 
phylum of Cercozoa appeared to be the second most diverse protistan taxon in neotropical forest 
soils. Finally, they hypothesized that some detected Operational Taxonomic Units (OTUs) in 
the soil may not all derive from soil-dwelling taxa but rather may have originated from canopy 
communities that had rained down from above. Leading to the presumption that several taxa 
detected in the soil might be just a shadow of highly diverse communities dwelling in the 
canopy region, a pattern which could be observed for temperate biomes (JAUSS ET AL., 2020B). 
In this study, we investigated protistan diversity from three autochthonous tree species in a 
palaeotropical rainforest in the northeast of Papua New Guinea. We applied high-throughput 
sequencing using group specific primers for a molecular characterization of Cercozoa 
(Rhizaria) and Oomycota (Stramenopiles) across various microhabitats, from forest soils to the 
canopy region. Accordingly, our study tackles two hypotheses: (I) Tropical forest canopies 
harbour a specific, mainly undescribed diversity of Cercozoa and Oomycota and, (II) the 
diversity of investigated phyla in the tropical zone will be even higher in the tree crowns than 
on soil, due to increased numbers of aboveground microhabitats, like epiphytes and arboreal 
soil, while the rapid mineralization of litter layers on the soil surface will reduce habitat 
complexity compared to relatively thick organic layers in temperate forests. 
Material and Methods 
Sampling, DNA extraction and sequencing 
Microhabitat samples were collected in September 2019 in cooperation with the New Guinea 
Binatang Research Centre in Madang, Papua New Guinea at the Kakoba Canopy Crane 
Baitabag, Madang Province (5°08'19.5"S 145°46'23.2"E). Samples were obtained and 
processed as described in JAUSS ET AL. (2020B). Briefly, nine microbial microhabitat 
compartments related to tree surface were sampled in the canopy at 20-30m height: Fresh 
leaves, flowers, fruits, deadwood, bark, bark covered by a thin layer of crustose lichen, arboreal 
soil and two distinct cryptogamic epiphytes (foliose lichen and moss). In addition, two ground 
habitats (soil and leaf litter) were sampled. All microhabitat samples were taken with four 
replicates, from three autochthonous tree species (Pometia pinnata, Pterocymbium beccarii and 
Pterocarpus indicus) with three replicates each. DNA extraction was performed with the 
DNeasy PowerSoil kit (QIAGEN, Hilden, Germany) according to the manufacturer's 
instruction. PCR amplification with tagged group specific primers (FIORE-DONNO ET AL., 2019; 
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FIORE-DONNO & BONKOWSKI, 2021) and sequencing were performed as described in JAUSS ET 
AL. (2020B), the used primer tag combinations are provided in Supplementary Table 1. 
Sequence processing 
Sequence processing and bioinformatic analyses followed the pipeline described in JAUSS ET 
AL. (2020B). Briefly, raw reads were merged using VSEARCH v2.10.3 (ROGNES ET AL., 2016) 
at default settings. Primer and tag sequences were trimmed and clustered into operational 
taxonomic units (OTUs) using Swarm v2.2.2 (MAHÉ ET AL., 2015). Chimeras were de novo 
detected using VSEARCH. OTUs were removed from the final OTU table if they were flagged 
as chimeric, showed a quality value of less than 0.0002, were shorter than 150bp (Oomycota) 
or 300bp (Cercozoa), or were represented by less than 0.005% of all reads (NELSON ET AL., 
2014; SAPP ET AL., 2018) (i.e. 141 reads for Oomycota or 269 reads for Cercozoa). 
For taxonomic assignment, OTUs were first tentatively assigned by using BLAST+ v2.9.0 
(CAMACHO ET AL., 2009) with default parameters against the non-redundant NCBI Nucleotide 
database (as of June 2019) and removed if the best hit in terms of bitscore was a non-oomycete 
sequence or non-cercozoan sequence, respectively. For a finer taxonomic assignment, two 
databases were used: The PR2 database v4.12.0 (GUILLOU ET AL., 2013) served as a taxonomic 
reference set for cercozoan V4 sequences, while for the Oomycota all available oomycete 
sequences were downloaded from NCBI Nucleotide (as of July 2019). The taxonomic 
annotation was refined by assigning the species name of the best VSEARCH hit to the 
corresponding OTU if the pairwise identity was over 95%, OTUs with lower percentages were 
assigned higher taxonomic levels. Functional annotation was performed at genus level based 
on the functional databases published by FIORE-DONNO & BONKOWSKI (2021) for oomycetes 
and DUMACK ET AL. (2020B) for Cercozoa. Samples with low sequencing depth were removed 
by loading the final OTU table into QIIME 2 v2018.11 (BOLYEN ET AL., 2019). The minimum 
sequencing depth was determined depending on how many samples per metadata would be 
excluded. It was set as high as possible and resulted in a minimum sequencing depth of 578 
sequences for oomycete samples and 1548 sequences for cercozoan samples. 
Statistical analyses 
All statistical analyses were conducted in R v3.5.3 (R CORE TEAM, 2019). Rarefaction curves 
were carried out with the iNEXT package (CHAO ET AL., 2014; HSIEH ET AL., 2019) to determine 
if a higher sequencing depth would have revealed more OTUs. Alpha diversity indices were 
calculated for strata and phyla using the diversity function in the vegan package (OKSANEN ET 
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AL., 2019). Both former methods were applied on the OTU table with absolute abundances. To 
explore differences in the community composition across the samples, the following beta 
diversity-based methods were conducted on relative abundances. Non-metric multidimensional 
scaling (NMDS) was performed on the Bray-Curtis dissimilarity matrix (functions vegdist and 
metaMDS in the vegan package, respectively). To test if oomycete and cercozoan OTU 
diversity differed across the strata and tree species a Goodness of Fit statistic (function envit in 
the vegan package) was conducted. The number of shared OTUs between different 
combinations of microhabitats was visualized using the UpSetR package (LEX ET AL., 2014; 
GEHLENBORG, 2019). An indicative species analysis (DUFRÊNE & LEGENDRE, 1997) was 
performed with the indicspecies package using the multipatt function (DE CÁCERES & 
LEGENDRE, 2009) to identify indicator taxa in the different strata. All figures were plotted with 
the ggplot2 package (WICKHAM, 2016). Phylogenetic trees for both groups were reconstructed 
with RAxML v8.2.12 (STAMATAKIS, 2014) at default settings with 200 bootstrap replicates and 
the GTR+G+I substitution model, based on nucleotide alignments calculated with Mafft v7.271 
(KATOH & STANDLEY, 2013) with the L-INS-I algorithm, a gap open penalty of 0.5, a gap 
extension penalty of -1.5 and otherwise default settings. Note that the phylogenetic analyses 
are not meant to provide a curated phylogeny or taxonomy of the protistan lineages, but should 
rather represent distinct clades of OTUs based on the V4 and ITS1 amplicons, respectively. 
Distinct phylogenetic clusters of oomycete representative sequences were determined with 
RAMI v1.2.1 (POMMIER ET AL., 2009) with a 0.6 distance threshold. Cercozoan and oomycete 
phylogenetic diversity was illustrated using the Interactive Tree Of Life tool 
(http://itol.embl.de/, last accessed January 12, 2020). Co-occurrence correlations between the 
novel undetermined oomycete clusters (comprising OTUs with a sequence similarity of less 
than 70% to any known reference sequence) and the other phylogenetic clusters in the strata, 
ground and canopy, were calculated with the wTO package (GYSI ET AL., 2018). 
Results 
OTU clustering of amplicons and taxonomic annotation  
We obtained 652 genuine OTUs from 1,297,140 sequences (Cercozoa) and 283 OTUs 
from 446,516 sequences (Oomycota). The average number of cercozoan OTUs was 413 ± 122 
and 628 ± 9 per microhabitat and tree species, respectively, while the average number of 
oomycete OTUs was 155 ± 40 and 245 ± 21 per microhabitat and tree species. Overall, 651 and 
272 OTUs were detected in the canopy stratum, for Cercozoa and Oomycota respectively. 
Whereas, 631 OTUs (Cercozoa) and 276 OTUs (Oomycota) were obtained from the ground 
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habitats. In Cercozoa only ca. 1% of detected OTUs showed a sequence similarity of less than 
70%, and only 7% of OTUs could not be assigned to any order (Fig. 1A). Cercozoan OTUs 
were dominated by bacterivores and omnivores of the orders Glissomonadida, Euglyphida, 
Cercomonadida and Cryomonadida. In Oomycetes, approximately 50% of all OTUs showed a 
sequence similarity of less than 70% to any known reference sequence, which lead to no 
taxonomic annotation at the order level for half of the detected oomycete OTUs (Fig. 1B). 
Taxonomic and functional annotation of oomycete OTUs revealed the order of Peronosporales 
with mainly obligate biotrophic species, as well as saprotrophic and hemibiotrophic genera 
within the order of Pythiales to be predominantly present in the investigated microhabitats. 
 
Figure 1: Phylogenetic diversity and functional trait assignment of detected cercozoan (left) and 
oomycete (right) OTUs. For Cercozoa 652 OTUs and for Oomycota 283 OTUs were detected from 
forest soil to the canopy. Detected Oomycota comprised a larger proportion of unknown diversity, 
compared to OTUs derived from Cercozoa. 
Taxonomic and functional diversity  
The used taxon-specific primers thoroughly recovered the OTU richness of canopy and ground 
samples as indicated by rarefaction analyses (Supplementary Figure 1). In Cercozoa, alpha 
diversity was higher in the ground stratum compared to the tree canopy. Whereas, no significant 
differences could be detected between both strata for the Oomycota. However, alpha diversity 
of the canopy samples showed higher variance for both phyla, but more pronounced in 
Oomycota, due to greater variation of the sampled microhabitats within this stratum 
(Supplementary Figure 2, 3). Investigation into protistan beta diversity reflected a strong 
separation of community profiles between canopy and ground strata for Cercozoa and 
Oomycota, respectively (Supplementary Figure 4; Goodness of Fit test; Cercozoa: R2 0.45, p = 
0.001; Oomycota: R2 0.28, p = 0.001). Further, beta diversity of both phyla differed between 
tree species with a small, but significant proportion of explained variance (Goodness of Fit test; 
Cercozoa: R2 0.09, p = 0.035; Oomycota: R2 0.12, p = 0.024). 
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Taxonomic annotation of the OTUs detected in these two distinct strata revealed strong 
community differences at the order level when taking relative read abundances into account 
(Figure 2A). Indicative value analysis revealed >83% OTUs to be representative for the ground 
stratum (Supplementary Figure 5). Further, assignment of functional traits, i.e. feeding mode 
(Cercozoa) and lifestyle (Oomycota), reflected this pattern of disparity between the canopy and 
ground strata (Figure 2B). For Cercozoa, bacterivorous Glissomonadida dominated the canopy 
region, representing 64% of all reads detected in this stratum, followed by omnivorous 
Cryomonadida (11%) and Cercomonadida (8%). In contrast, omnivorous Euglyphida prevailed 
over other orders by representing 48% of all reads in the ground region, representing >100 
indicative OTUs in the ground (Supplementary Figure 5A). Further, eukayvorous Vampyrellida 
and Cercomonadida were 
detected in 10% and 18% of 
the reads in the ground, 
respectively. For Oomycota, 
83% of reads detected in the 
canopy could not be assigned 
to any taxonomic order, 
followed by 12% of mainly 
obligate biotrophic Perono-
sporales. In the ground 
stratum larger proportions of 
saprotrophic and hemibio-
trophic Pythiales (31%), as 
well as hemibiotrophic 
Myzocytiopsidales (12%) and 
Peronosporales (12%) were 
detected. Still, 39% of reads 
could not be assigned to any 
functional trait in the ground. 
Cluster analysis  and co-occurrence correlations of oomycetes 
The cluster analyses of all oomycete OTUs revealed 44 distinct phylogenetic clusters 
(Supplementary Figure 6A). Of these, eight clusters were exclusively composed of 
undetermined OTUs with significantly strong co-occurrence correlations with other OTUs. 
Figure 2: Relative proportion of orders (A) and functional traits 
(lifestyles) (B) for cercozoan and oomycete OTUs partitioned on 
the two strata of canopy and ground. In the canopy, Cercozoan 
OTUs were mainly assigned to the Glissomonadida and a 
bacterivorous lifestyle, while the vast majority of Oomycete 
OTUs could not be assigned to any order or lifestyle. Ground 
habitats were mainly dominated by Euglyphida and omnivorous 
OTUs for cercozoan communities and Pythiales for oomycete 
OTUs, while here again most OTUs could not be assigned to an 
order or lifestyle. 
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(Figure 3, Supplementary Figure 6B). A schematic overview of the relative phylogenetic 
positions of these novel clusters is given in Figure 3A. The overall relative abundance in canopy 
habitats was quite low for these clusters. In contrast, some clusters, in particular clusters 6 and 
15, showed high relative abundances in ground habitats. Despite their comparatively low 
relative abundances in the canopy region, most clusters showed several positive correlations 
with other OTUs in this stratum (Figure 3B). Especially cluster 6 showed more than 70 positive 
correlations, mostly with OTUs assigned to saprotrophic and hemibiotrophic taxa. This 
indicates this cluster to occupy similar ecological niches. In ground habitats, the novel 
undetermined clusters showed rather negative correlations. This might be due to a consistently 
higher diversity within the respective ground samples and accordingly a higher competition in 
this stratum (Supplementary Figure 2B).  
 
Figure 3: Simplified schematic position of the novel clusters in the oomycete phylogenetic tree with 
relative abundance of clusters in canopy and ground habitats (A) and number of positive and negative 
co-occurrence correlations in canopy and ground habitats for these novel clusters (B). The majority of 
positive correlations were detected for cluster 6 in the canopy stratum with OTUs assigned to 
saprotrophic and hemibiotrophic species. Whereby all clusters appeared to show low relative 
abundances in the canopy. 
Discussion 
Unknown diversity in tropical tree canopies  
Tropical tree canopies have been a hitherto neglected habitat for microorganisms and truly 
represent one of the “last biotic frontiers'' in the field of environmental sequencing studies. Our 
results give a leading insight into protistan diversity of palaeotropical tree canopies. We 
detected a vast unknown diversity within the Oomycota, while the majority of cercozoan OTUs 
appeared to be well acquainted. Further, highly distinct canopy and ground communities were 
detected, reflecting the adaptation prospects prevailing in these physicochemically different 
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habitats within the tropics. Similar to multicellular organisms, neotropical rainforests were 
recently shown to harbour a vast diversity of various microorganisms in the soils (MAHÉ ET AL., 
2017). However, OTU richness of both Cercozoa and Oomycota in our study was at least an 
order of magnitude higher than in the described study by Mahé et al (2017), where general 
eukaryotic primers were applied. Several hypotheses have been discussed why the tropical 
diversity is much higher than temperate diversity, e.g. a higher mutation rate due to higher 
temperatures (RENSCH, 1959; ROHDE, 1992; ORTON ET AL., 2019), lack of glacial processes 
(FISCHER, 1960; HORTAL ET AL., 2011) or older land masses resulting in a longer evolutionary 
history (WIENS & DONOGHUE, 2004). Either way, we wanted to elucidate if these processes 
shaping multicellular diversity might also be reflected in eukaryotic unicellular diversity. 
Interestingly, oomycetes showed a lower OTU richness with 283 OTUs in tropical biomes 
compared to their temperate counterpart with 330 OTUs (JAUSS ET AL., 2020B). However, our 
dataset contained more undetermined OTUs compared to the temperate forest (tropical forest: 
50%, temperate forest: 17%), indicating different communities and lineages to be exclusively 
present in either biome, while the tropical forest harboured a higher proportion of unknown 
diversity in the canopy compared to the ground stratum. Cercozoa on the other hand showed a 
higher OTU richness in Papua New Guinea (652 OTUs) compared to the German temperate 
forest (550 OTUs), whereas the low number of undetermined OTUs is comparable in both 
biomes (tropical forest: 0.9%, temperate forest: 0.6%). Together our results lead to the 
conclusion that certain cercozoan OTUs and lineages are exclusively present in tropical 
biomes.  
Distinct diversity patterns in canopy and ground habitats  
Our results indicate a strong discrepancy between investigated protistan communities dwelling 
ground and canopy strata (Supplementary Figure 4), which was also observed for temperate 
biomes (JAUSS ET AL., 2020B, 2021B; WALDEN ET AL., 2021). Here, however, the species 
richness increased with increasing habitat diversity to a greater extent than in temperate 
canopies (Supplementary Figure 3). Surprising was the relatively high diversity in the tropical 
soil and leaf litter samples, which were characterized by multitude of indicative species 
(Supplementary Figure 5), rejecting our hypothesis that the rapid mineralization of litter layer 
on the soil surface lead to a reduced complexity (protistan diversity) compared to relatively 
thick organic layers in temperate forests. Our samples were taken during the dry season in Papua 
New Guinea, and the comparatively low humidity in the ground region might have slowed the 
mineralization of the ground habitats and lead to higher diversity. The cercozoan order of 
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Euglyphida dominated the ground habitat (Figure 2), while in ground samples of the temperate 
forest Glissomonadida prevailed (JAUSS ET AL., 2020B; WALDEN ET AL., 2021). Euglyphida are 
omnivorous testate amoeba that feed on both, bacteria and small eukaryotes, such as yeast, 
algae and other protists (DUMACK ET AL., 2020B). Whereby the morphological feature of 
bearing a silica or organic shell (Supplementary Figure 7), might be conducive to the survival 
in tropical soils during dry seasons by providing physical protection against desiccation 
(BOOTH, 2001). In contrast, the canopy dominating bacterivorous Glissomonadida are naked 
flagellates, which might benefit from the high comparatively atmospheric humidity prevailing 
in the tropical rainforest of Papua New Guinea throughout the year (~80%, ~24 g/m3). 
Oomycetes however showed similar patterns in temperate and tropical biomes. Apart from the 
large proportion of undescribed species, Pythiales dominated the ground habitats, while more 
Peronosporales could be found in the canopy stratum. Even though Pythiales can display all 
lifestyles, from saprotrophy to hemibiotrophy and obligate biotrophy (FAWKE ET AL., 2015; 
MARANO ET AL., 2016; FIORE-DONNO & BONKOWSKI, 2021) most Pythiales detected in the 
ground stratum were assigned to hemibiotrophic species. Hemibiotrophy is characterized by an 
initial biotrophic phase followed by a necrotrophic mode of feeding (FAWKE ET AL., 2015; 
PANDARANAYAKA ET AL., 2019). Soils and leaf litter therefore offer more suitable habitats for 
necro- and saprotrophic species compared to the living tissues of the sampled canopy habitats. 
Peronosporales dominated the canopy in both tropical and temperate biomes (JAUSS ET AL., 
2021B), which indicates also tropical tree canopies to be a reservoir for parasitic oomycetes.  
Putting the unknown diversity into a taxonomic and functional context   
The high number of oomycete OTUs showing a sequence similarity of less than 70% to any 
known sequence indicates tropical tree canopies to be a reservoir for hitherto molecularly 
undescribed oomycetes, and perhaps other protists. The phylogenetic analyses revealed some 
of the novel clusters to be nested within, some apart from known oomycete orders, which 
therefore may represent so far unknown novel oomycete lineages. This makes it difficult to 
draw conclusions on their lifestyle and potential impact on ecosystem functioning. In order to 
extract at least some information from these novel clusters we were eager to put our data into a 
taxonomic and functional context by co-occurrence analysis. The detected positive co-
occurrence correlations of some clusters may indicate similar ecological niches with well-
known oomycete lineages, yet comprehensive assessments on their morphology and function 
are still lacking.  




Overall, our study shows that palaeotropical forests indeed still contain a substantial unknown 
diversity of microbial eukaryotes that needs to be unravelled. The application of group specific 
primers revealed the biased state of knowledge in terms of different taxonomic groups within 
protists, especially in unexplored areas, like the tree canopies of palaeotropical rainforests. 
Whereby, the currently available molecular database appeared to provide better coverage for 
the phylum of Cercozoa compared to Oomycota. Tentative approaches of assigning a taxonomy 
and function to these novel undetermined oomycete clusters pointed to similar ecological 
niches, which are occupied by well-known lineages in the tree canopies. Interestingly, the 
increased habitat diversity in the canopy region of tropical trees also increased the OTU 
richness, which is a pattern hitherto only observed at a macroscopic scale. Together our results 
show how different functional traits, e.g. feeding modes and lifestyles, contribute to the 
establishment of taxonomically diverging protistan communities dwelling the canopy and 
ground strata. The diversity, however, is comparably high for both, canopy and ground habitats. 
Whereby the ground stratum was characterized by a large number of indicative OTUs, 
elucidating a hitherto unknown complexity of microeukaryote food webs in tropical soils.  
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Molecular characterisation of oomycete diversity in forest soils and tree canopies  
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Dissertation 
Protists occupy key nodes in terrestrial food webs due to their high abundance, fast turnover 
and functional importance and are a huge reservoir of unexplored biodiversity. Additionally, 
protists are intimately associated with plants as predators on the plant surface and the 
rhizosphere, but also as severe parasites. Among these parasites, oomycetes include some of 
the most severe plant pathogens, comprising species with a high economic and ecological 
impact on forest ecosystems. Their diversity and community structures are well studied in 
terrestrial habitats, but tree canopies as huge and diverse habitats have been widely neglected.  
My thesis aimed to address the lack of knowledge on protist communities in forest canopies by 
characterising their diversity from forest soils to tree canopies in a metabarcoding approach 
using group-specific primers, with a special emphasis on the plant pathogenic oomycetes. 
Hitherto, it remained unknown (i) how oomycete communities are structured in tree canopies 
and their microhabitats, (ii) if they reflect similar patterns in tropical and temperate biomes, (iii) 
how they are dispersed within forest ecosystems, (iv) how the functional groups are distributed 
across canopy and ground habitats, and (v) if they exhibit seasonal variation. Accordingly, the 
presented thesis tackles these questions in four chapters, contributing to a more comprehensive 
understanding on protist diversity and functioning in forest ecosystems.  
CHAPTER I: One of the most general patterns in community ecology is an increasing species 
richness with increasing habitat diversity. Thus, environmental heterogeneity of tree canopies 
should be an important factor governing community structure and diversity in this subsystem 
of forest ecosystems. Nevertheless, it is unknown if similar patterns are reflected at the 
microbial scale within unicellular eukaryotes (protists). In this chapter, high-throughput 
sequencing of two prominent protistan taxa, Cercozoa (Rhizaria) and Oomycota 
(Stramenopiles), was performed. Group specific primers were used to comprehensively analyse 





Beta diversity of Cercozoa and Oomycota was solely driven by differences in the relative 
abundance of Operational Taxonomic Units (OTUs), because almost all taxa did occur 
ubiquitously among tree crowns and soil of the floodplain forest. Accordingly, species richness 
did not increase with habitat diversity as hypothesized, and the strong differences in beta 
diversity between protistan communities of the forest floor and tree crowns and among 
microhabitats within tree crowns could be almost solely attributed to differences in relative 
abundance. Taxonomic differences between tree species had a surprisingly low influence on 
cercozoan community assembly; even the mostly plant-parasitic oomycetes did not show a high 
degree of host-specificity. Being mainly secondary consumers, the low host specificity of both 
investigated protistan taxa appears as a major difference to the often-high host specificity of 
microbial primary consumers. Both strata, forest floor and canopy showed quite unique 
cercozoan and oomycete communities, but communities of arboreal soil became more similar 
to those in mineral soil. Cercozoan communities of canopy leaves differed little from Cercozoa 
in the litter layer on the ground, indicating strong selective forces of microhabitat conditions 
independent of the canopy or ground stratum. This, however, was not the case for the 
Oomycota, where the leaf litter communities were distinct to those from fresh leaves in the 
phyllosphere. Thus, our findings indicate that the diversity of terrestrial protists is strongly 
shaped by habitat filtering, but – a thorough taxon sampling provided – species richness is 
hardly affected. 
CHAPTER II: The air is an effective means of long-distance propagation for a wide range of 
microbial organisms. Tree canopies are the largest biological interface between the soil and the 
atmosphere, which therefore may act as a huge natural filter for airborne microbial propagules, 
including unicellular eukaryotes (protists). In this chapter, we studied the air dispersal of 
Cercozoa, Endomyxa and Oomycota by a cultivation-independent high throughput 
metabarcoding approach to analyse protistan diversity in the air surrounding tree canopies and 
near the ground of a temperate floodplain forest at two time points, to gain a deeper insight into 
the mechanisms how protists and their pathogenic lineages are distributed in the environment. 
A significant difference in the two sampling time points in abundances of oomycetes and their 
pathogenic lineages indicates some protistan communities to be driven by neutral processes in 
terms of random dispersal together with temporal niche effects, while spatial differences in the 
vertical distribution of cercozoans and oomycetes were not found. Accordingly, air dispersal 
may explain the ubiquitous presence of Cercozoa and Oomycota (and likely of other protistan 




to the understanding of how protists disperse, and which factors drive the distribution of plant 
pathogens within forest ecosystems. 
CHAPTER III: The canopy is subject to recurrent microclimatic dynamics due to rapid changes 
in abiotic stressors, such as UV radiation, temperature, humidity and osmotic pressure, during 
daily fluctuations that only specially adapted microorganisms can cope with. Considering that 
perennial deciduous plants produce and shed their leaves every year, the phyllosphere 
represents a highly ephemeral environment. Accordingly, seasonal variability turned out to be 
a major driver of variation in prokaryotic communities, however, the effect of a seasonal niche 
separation as a possible selective force causing seasonal shifts in protistan communities and 
their functional groups remained largely unexplored. This chapter reports on seasonal changes 
and distribution of functional groups in protistan communities of structurally different 
ecological compartments (microhabitats) across the canopy of three autochthonous tree species 
in a temperate floodplain forest, with four samplings conducted in two consecutive spring and 
autumn seasons, over a period of two years.  
In the first part of this chapter, investigation from our collaborators from the University of 
Cologne of the two important protistan lineages Cercozoa and Endomyxa revealed strong 
differences in community composition between canopy and soil microhabitats, and a small, but 
significant fraction of recurrent seasonal variability of these communities. Especially foliar 
communities changed during the aging of leaves, emphasizing the effect of phenology during 
community assembly. In two consecutive seasons, leaf litter communities showed more 
similarity to foliar canopy communities than to those of the soil directly underneath. Thus, the 
communities colonizing the foliar surface appear to represent already a significant subset of 
endomyxan and cercozoan diversity found in the litter layer on the forest floor, but the latter 
become enriched in omnivores and eukaryvores relative to the predominantly bacterivorous 
canopy communities. 
In the second part, we supplemented functional traits and investigated the seasonal stability of 
oomycete community composition over two years. The results showed that even though most 
oomycetes occurred in all microhabitats, a strong discrepancy between the strata and 
correspondingly the distribution of oomycete lifestyles could be observed. This pattern was 
only little influenced by seasonal variation. Within the temporal variation however, the spatial 
variation was preserved, leading to overall similar community patterns for every sampling date. 
Further, these deterministic processes also shape their functional diversity in forest ecosystems. 




region, implying that tree canopies not only offer numerous distinct habitats to microorganisms, 
but also serve as a hitherto neglected reservoir for parasitic species. Spatial diversity and 
correspondingly functional diversity drive the oomycete community to a greater extent than 
temporal diversity.  
CHAPTER IV: Tropical rainforests are the biodiversity hotspots among the world's ecosystems, 
containing far higher numbers of species on a per-area basis relative to any other terrestrial 
ecosystem. Especially tropical forest canopies harbour a vast diversity of multicellular 
organisms, but it is still little explored if microorganisms, i.e. protists, reflect similar diversity 
patterns in tropical tree canopies compared to macroorganisms, and their microorganismic 
counterparts in temperate zones. In this chapter, we investigated protistan diversity from three 
autochthonous tree species in a palaeotropical rainforest in the northeast of Papua New Guinea. 
We applied high-throughput sequencing for a molecular characterization of Cercozoa, 
Endomyxa and Oomycota across various microhabitats, from forest soils to the canopy region. 
We hypothesised that tropical forest canopies harbour a specific, mainly undescribed diversity 
of Cercozoa and Oomycota and that the diversity of investigated phyla in the tropical zone will 
be even higher in the tree crowns than on soil due to increased numbers of aboveground 
microhabitats, while the rapid mineralization of litter layers on the soil surface will reduce 
habitat complexity compared to relatively thick organic layers in temperate forests. 
The results showed that palaeotropical forests indeed still contain a substantial unknown 
diversity of microbial eukaryotes that needs to be unravelled. The application of group specific 
primers revealed the biased state of knowledge in terms of different taxonomic groups within 
protists, especially in unexplored areas, like the tree canopies of palaeotropical rainforests. The 
currently available molecular database appeared to provide better coverage for the phylum of 
Cercozoa compared to Oomycota. We discovered eight novel undetermined oomycete clusters; 
assigning a taxonomy and function to these clusters pointed to similar ecological niches, which 
are occupied by well-known lineages in the tree canopies. Interestingly, the increased habitat 
diversity in the canopy region of tropical trees also increased the OTU richness in contrast to 
the temperate biomes, which is a pattern hitherto only observed at a macroscopic scale. 
Together our results show how different functional traits, e.g. feeding modes and lifestyles, 
contribute to the establishment of taxonomically diverging protistan communities dwelling the 
canopy and ground strata. The diversity, however, is comparably high for both, canopy and 
ground habitats. The ground stratum was characterized by a large number of indicative OTUs, 
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Protisten besetzen aufgrund ihrer hohen Abundanz, ihres schnellen Umsatzes und ihrer 
funktionalen Bedeutung wichtige Knotenpunkte in terrestrischen Nahrungsnetzen und bilden 
ein beträchtliches Reservoir unerforschter Artenvielfalt. Darüber hinaus werden Protisten eng 
mit Pflanzen als Prädatoren auf der Pflanzenoberfläche und in der Rhizosphäre, aber auch als 
schwerwiegende Parasiten in Verbindung gebracht. Zu diesen Parasiten gehören bedeutende 
Pflanzenpathogene, die Arten mit hohen wirtschaftlichen und ökologischen Auswirkungen auf 
die Waldökosysteme umfassen. Ihre Diversität und Gemeinschaftsstrukturen sind in 
terrestrischen Lebensräumen gut erforscht, aber Baumkronen als ausgedehnte und vielfältige 
Lebensräume wurden weitgehend vernachlässigt. 
Meine Dissertation adressiert den Mangel an Wissen über Protistengemeinschaften in 
Baumkronen, indem ihre Diversität vom Waldboden bis zu den Baumkronen in einem 
Metabarcoding-Ansatz mit gruppenspezifischen Primern charakterisiert wurde. Ein besonderer 
Schwerpunkt lag dabei auf den pflanzenpathogenen Oomyceten. Bisher blieb unerforscht (i) 
wie Oomycetengemeinschaften in Baumkronen und ihren Mikrohabitaten strukturiert sind, (ii)  
ob sie ähnliche Muster in tropischen und gemäßigten Biomen widerspiegeln, (iii)  wie sie 
innerhalb von Waldökosystemen verbreitet werden, (iv) wie die funktionellen Gruppen über 
Baumkronen und Bodenlebensräume verteilt sind, und (v) ob sie saisonale Variationen 
aufweisen. Dementsprechend geht die vorgestellte Dissertation diesen Fragen in vier Kapiteln 
nach und trägt so zu einem umfassenderen Verständnis der Protistenvielfalt und 
Funktionsweise in Waldökosystemen bei.  
KAPITEL I: Ein allgemeines Muster in der Gemeinschaftsökologie ist ein wachsender 
Artenreichtum mit zunehmender Habitatvielfalt. Daher sollte die ökologische Heterogenität der 
Baumkronen ein wichtiger Faktor für die Struktur und Diversität der Gemeinschaft in diesem 
Subsystem von Waldökosystemen sein. Dennoch ist es bisher nicht bekannt, ob ähnliche 
Muster auch innerhalb einzelliger Eukaryoten (Protisten) reflektiert werden. In diesem Kapitel 




(Rhizaria) und Oomycota (Stramenopiles), durchgeführt. Es wurden gruppenspezifische Primer 
verwendet, um ihre Diversität in verschiedenen Mikrohabitaten eines Auenwaldes vom 
Waldboden bis zur Baumkronenregion umfassend zu analysieren.  
Die Beta-Diversität von Cercozoa und Oomycota wurde ausschließlich durch Unterschiede in 
der relativen Häufigkeit der Operational Taxonomic Units (OTUs) geprägt, da fast alle Taxa 
ubiquitär in Baumkronen und im Boden des Auenwaldes auftraten. Dementsprechend nahm der 
Artenreichtum mit der Habitatvielfalt nicht, wie hypothetisiert, zu. Die starken Unterschiede in 
der Beta-Diversität zwischen den Protistengemeinschaften des Waldbodens und Baumkronen 
und zwischen Mikrohabitaten innerhalb von Baumkronen konnten fast ausschließlich auf 
Unterschiede in der relativen Abundanz zurückgeführt werden. Taxonomische Unterschiede 
zwischen Baumarten hatten einen überraschend geringen Einfluss auf die 
Gemeinschaftszusammensetzung der Cercozoen; selbst die meist pflanzenparasitären 
Oomyceten zeigten keinen hohen Grad an Wirtsspezifität. Als hauptsächlich 
Sekundärverbraucher scheint die geringe Wirtsspezifität der beiden untersuchten Taxa ein 
wesentlicher Unterschied zur oft hohen Wirtsspezifität bakterieller Primärverbraucher zu sein. 
In beiden Strata, Waldboden und Kronenraum, konnten einzigartige Cercozoen- und 
Oomycetengemeinschaften aufgezeigt werden, aber die Gemeinschaften in arborealer Erde 
ähnelten eher denen in mineralischen Böden. Cercozoengemeinschaften auf frischen Blättern 
unterschieden sich wenig von Cercozoen in der Laubstreuschicht auf dem Boden, was auf 
starke selektive Kräfte von Mikrohabitat-Eigenschaften unabhängig von den Baumkronen oder 
Bodenschichten hindeutet. Dies war jedoch nicht der Fall für die Oomycota, bei welchen sich 
die Laubstreugemeinschaften von denen auf frischen Blättern in der Phyllosphäre deutlich 
unterschieden. So deuten die Ergebnisse darauf hin, dass die Vielfalt der terrestrischen Protisten 
stark durch Habitatfilterung geprägt ist, aber der Artenreichtum kaum beeinträchtigt wird.  
KAPITEL II: Die Luft ist ein wirksames Mittel zur Verbreitung über große Entfernungen für 
eine Vielzahl von mikrobiellen Organismen. Baumkronen sind die größte biologische 
Schnittstelle zwischen Boden und Atmosphäre, die daher als riesiger natürlicher Filter für 
mikrobielle Verbreitungsstadien in der Luft – einschließlich einzelliger Eukaryoten (Protisten) 
– fungieren können. In diesem Kapitel wurde die Luftdispersion von Cercozoa, Endomyxa und 
Oomycota durch einen kultivierungsunabhängigen Metabarcoding-Ansatz untersucht, um die 
Protistenvielfalt in der Luft um Baumkronen und in der Nähe des Bodens eines gemäßigten 
Auenwaldes an zwei Zeitpunkten zu analysieren, damit ein tieferer Einblick in die 




werden. Ein signifikanter Unterschied in der Abundanz von Oomyceten und ihren pathogenen 
Linien in den beiden Probenahme-Zeitpunkten deutete darauf hin, dass einige 
Protistengemeinschaften durch neutrale Prozesse in Form von zufälliger Verbreitung 
zusammen mit temporalen Nischeneffekten angetrieben werden, während räumliche 
Unterschiede in der vertikalen Verteilung von Cercozoen und Oomyceten nicht gefunden 
werden konnten. Dementsprechend kann die Luftdispersion die allgegenwärtige Präsenz von 
Cercozoa und Oomycota (und wahrscheinlich auch anderer Protisten-Taxa) im Auenwald 
erklären, wie im ersten Kapitel hervorgehoben. Diese Ergebnisse tragen weiter dazu bei, zu 
verstehen, wie sich Protisten dispergieren und welche Faktoren die Verbreitung von 
Pflanzenpathogenen in Waldökosystemen vorantreiben. 
KAPITEL III: Baumkronen unterliegen einer wiederkehrenden mikroklimatischen Dynamik 
aufgrund schneller Veränderungen der abiotischen Stressoren wie UV-Strahlung, Temperatur, 
Feuchtigkeit und osmotischer Druck. Diese täglichen Schwankungen können nur speziell 
angepasste Mikroorganismen bewältigen. Da mehrjährige Laubpflanzen jedes Jahr ihre Blätter 
produzieren und abwerfen, stellt die Phyllosphäre eine sehr kurzlebige Umgebung dar. 
Dementsprechend erwies sich die saisonale Variabilität als ein wichtiger Treiber der Variation 
in prokaryotischen Gemeinschaften. Die Wirkung einer saisonalen Nischentrennung als 
mögliche selektive Kraft für saisonale Verschiebungen in Protistengemeinschaften und deren 
funktionellen Gruppen blieb jedoch weitgehend unerforscht. Dieses Kapitel berichtet über 
saisonale Veränderungen und die Verteilung von funktionellen Gruppen in 
Protistengemeinschaften strukturell unterschiedlicher ökologischer Kompartimente 
(Mikrohabitate) im Kronenraum von drei autochthonen Baumarten in einem gemäßigten 
Auenwald, wobei vier Probenahmen in zwei aufeinanderfolgenden Frühjahrs- und 
Herbstsaisonen über einen Zeitraum von zwei Jahren durchgeführt wurden.  
Im ersten Teil dieses Kapitels ergaben gemeinsame Untersuchungen der Mitarbeiter der 
Universität zu Köln über die beiden wichtigen Protistengruppen Cercozoa und Endomyxa 
starke Unterschiede in der Zusammensetzung der Gemeinschaft zwischen Mikrohabitaten im 
Kronenraum und im Boden sowie eine schwache, aber signifikante wiederkehrende saisonale 
Variabilität dieser Gemeinschaften. Vor allem Blattgemeinschaften veränderten sich während 
der Alterung der Blätter und betonten die Wirkung der Phänologie während der Gemeinschafts-
zusammensetzung. In zwei aufeinanderfolgenden Jahreszeiten zeigten Laubstreu-
gemeinschaften mehr Ähnlichkeit mit Blattgemeinschaften im Kronenraum als mit denen des 




bereits eine signifikante Teilmenge der Endomyxa- und Cercozoen-Vielfalt zu repräsentieren, 
die in der Streuschicht auf dem Waldboden zu finden ist. Hier reichern sich omnivore und 
eukaryvore Arten an, im Gegensatz zu den überwiegend bakterivoren Arten in den 
Baumkronen. 
Im zweiten Teil wurden funktionelle Merkmale ergänzt und die saisonale Stabilität der 
Zusammensetzung der Oomycetengemeinschaften über zwei Jahre untersucht. Die Ergebnisse 
zeigten dass, obwohl die meisten Oomyceten in allen Mikrohabitaten auftraten, eine starke 
Diskrepanz zwischen den Strata und dementsprechend eine unterschiedliche Verteilung der 
Lebensweisen der Oomyceten beobachtet werden konnte. Dieses Muster wurde nur wenig von 
saisonalen Schwankungen beeinflusst. Innerhalb der zeitlichen Variation blieb die räumliche 
Variation jedoch erhalten, was zu insgesamt ähnlichen Gemeinschaftsmustern für jede 
Jahreszeit führte. Darüber hinaus prägten diese deterministischen Prozesse auch ihre 
funktionale Vielfalt in Waldökosystemen. Obligate biotrophe Arten, die sich ausschließlich von 
lebendem Wirtsgewebe ernähren, dominierten die Baumkronenregion, was impliziert, dass 
Baumkronen nicht nur zahlreiche unterschiedliche Lebensräume für Mikroorganismen bieten, 
sondern auch als bisher vernachlässigtes Reservoir für parasitäre Arten dienen. Räumliche 
Diversität und dementsprechend funktionale Diversität treiben die Zusammensetzung der 
Oomycetengemeinschaften stärker an als zeitliche Diversität. 
KAPITEL IV: Tropische Regenwälder sind die Biodiversitäts-Hotspots unter den Ökosystemen 
der Welt und enthalten im Vergleich zu jedem anderen terrestrischen Ökosystem eine weitaus 
höhere Anzahl von Arten pro Fläche. Vor allem tropische Baumkronen beherbergen eine große 
Vielfalt an mehrzelligen Organismen. Es ist jedoch noch wenig erforscht, ob Mikroorganismen, 
d.h. Protisten, ähnliche Diversitätsmuster in tropischen Baumkronen im Vergleich zu 
Makroorganismen und ihren mikroorganismischen Gegenstücken in gemäßigten Zonen 
widerspiegeln. In diesem Kapitel wurde die Protistendiversität von drei autochthonen 
Baumarten in einem paläotropischen Regenwald im Nordosten Papua-Neuguineas untersucht. 
Es wurden Hochdurchsatz-Sequenzierungen für eine molekulare Charakterisierung von 
Cercozoa, Endomyxa und Oomycota über verschiedene Mikrohabitate, von Waldböden bis hin 
zur Baumkronenregion, angewendet. Dabei wurde hypothetisiert, dass tropische Baumkronen 
eine spezifische, hauptsächlich unbeschriebene Vielfalt von Cercozoa und Oomycota 
aufweisen und dass die Vielfalt der untersuchten Phyla aufgrund der erhöhten Anzahl 
oberirdischer Mikrohabitate in der tropischen Zone in den Baumkronen noch höher sein wird 




Bodenoberfläche die Lebensraumkomplexität im Vergleich zu den relativ dicken organischen 
Schichten in gemäßigten Wäldern verringern wird. 
Die Ergebnisse zeigten, dass paläotropische Wälder in der Tat immer noch eine erhebliche 
unbekannte Diversität an mikrobiellen Eukaryoten enthalten, die noch beschrieben werden 
muss. Die Anwendung gruppenspezifischer Primer offenbarte den voreingenommenen 
Wissensstand in Bezug auf verschiedene taxonomische Gruppen innerhalb von Protisten, 
insbesondere in unerforschten Gebieten, wie den Baumkronen paläotropischer Regenwälder: 
Die derzeit verfügbare molekulare Datenbank schien eine bessere Abdeckung für das Phylum 
von Cercozoa im Vergleich zu Oomycota zu bieten. Hier wurden acht neuartige unbestimmte 
Oomyceten-Cluster entdeckt; die Zuweisung einer Taxonomie und Funktion zu diesen Clustern 
wies auf ähnliche ökologische Nischen hin, die von bekannten Linien in den Baumkronen 
besetzt sind. Interessanterweise erhöhte die erhöhte Habitatvielfalt im Baumkronengebiet 
tropischer Bäume auch den OTU-Reichtum im Gegensatz zu den gemäßigten Biomen, ein 
bisher nur makroskopisches Muster. Gemeinsam zeigen die Ergebnisse, wie unterschiedliche 
funktionelle Merkmale, z.B. Ernährungs- und Lebensweise, zur Etablierung taxonomisch 
divergierender Protistengemeinschaften beitragen, die den Kronenraum und die 
Bodenschichten bewohnen. Die Diversität ist jedoch sowohl in den Baumkronen als auch in 
den Bodenlebensräumen ähnlich hoch. Die Bodenschicht war durch eine große Anzahl von 
indikativen OTUs gekennzeichnet, die eine bisher unbekannte Komplexität von 
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